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Abstract

Abstract
With a rising global population and increasing energy consumption, major concerns
have been raised over energy security in the future. Developing eco-friendly and
sustainable pathways to produce energy sources is urgently needed and remains a huge
scientific challenge. At the same time, developing low-cost and efficient electrochemical
energy storage and conversion systems is also of critical significance to achieve the highly
efficient utilization of renewable energy and beyond. Electrochemical water splitting has
been considered to be one of the most promising approaches to achieve scalable and
sustainable hydrogen production, and has been substantially studied over the past years.
Electrocatalysts for both oxygen evolution reaction and hydrogen evolution reaction play
a decisive role in delivering fast water splitting kinetics, and therefore the rational design
of high-performing electrocatalysts with enhanced catalytic performance is of paramount
significance. Electronic structure engineering strategy has been successfully developed to
modify the physicochemical properties of electrocatalysts to enhance their catalytic
activity and accelerate the reaction kinetics. Based on this, as a proof-of-concept
application, electrocatalyst design strategies derived from electronic structure
engineering, including defect engineering, heterostructure engineering, and coordination
modulation, and 2D morphology engineering are successfully developed for tuning the
catalytic performance of layered cobalt oxide (LiCoO2) towards accelerated water
splitting kinetics. Importantly, the structure-property correlations are well established,
and the effects of the electronic structure modulation on the catalytic activity are also
unraveled in detail.
In the first case, a coupled heteroatom doping approach with 2D engineering is
deployed to regulate the electronic structure to accelerate the oxygen electrocatalysis
kinetics of LiCoO2. A new LiCoO2-based electrocatalyst with nanosheet morphology is
i
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designed and developed by a combination of Mg doping and shear-force-assisted
exfoliation strategies. The modified LiCoO2 exhibited enhanced oxygen reduction and
evolution reaction kinetics. It is demonstrated that the coupling effect of Mg doping and
the exfoliation can effectively modulate the electronic structure of LiCoO2, in which Co3+
can be partially oxidized to Co4+ and the Co-O covalency can be enhanced, which is
closely associated with the improvement of intrinsic activity. Meanwhile, the unique
nanosheet morphology also helps to expose more active Co species. This work offers new
insights into deploying the electronic structure engineering strategy for the development
of efficient and durable catalysts for energy applications.
In the second case, a heterostructure engineering strategy is applied to develop
LiCoO2-based hybrid electrocatalyst with tailored interface electronic structure. To
achieve

this

aim,

a

novel

multifunctional

heterostructured

electrocatalyst,

platinum/lithium cobalt oxide (Pt/LiCoO2) composite with Pt nanoparticles (Pt NPs) wellanchored on ultrathin LiCoO2 nanosheets, is designed towards highly efficient overall
water splitting. In this electrocatalyst system, the active center can be alternatively
switched between Pt and LiCoO2 for the hydrogen evolution reaction (HER) and the
oxygen evolution reaction (OER), respectively. Specifically, Pt is the active center and
LiCoO2 acts as the co-catalyst for the HER, whereas the active center transfers to LiCoO2
and Pt turns into the co-catalyst for the OER. The unique architecture of the Pt/LiCoO2
heterostructure not only ensures the maximal exposure of active sites, but also endows it
with a favorable electronic structure and coordination environment to optimize the
adsorption/desorption behavior of reaction intermediates. This study will diversify the
design strategies for the development of efficient electrocatalysts via interface
engineering towards water electrolysis and other relevant electrocatalysis applications.
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Figure 2.5. Experimentally measured exchange current over different metal
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curves. (c) HAADF-STEM image of Co1/PCN. (d) First-shell fitting of EXAFS
spectra and (e) the corresponding Re(k3 χ (k)) oscillations of different fitting paths
at different potentials. (f) Free energy diagram for H2O dissociation for the Volmer
step. Reproduced with permission6. Copyright © 2018, Springer Nature.
Figure 2.10. (a) Schematic diagram of Ni-Pt alloy nanowires. (b) Ni EELS
mapping and overlaid image of Ni-EELS mapping on Pt. (c) and (d) Pt and Ni
EXAFS fitting results. (e) ECSA normalized by the HER LSV results with 95% IR
correction at a scan rate of 5 mVs-1. (f) Comparison of ECSA values, specific
current value normalized by ECSA, and mass activity normalized by Pt mass for
the HER at an overpotential of 70 mV. (g) Comparison of the HER mass activity of
Ni-Pt alloy nanowires at an overpotential of 70 mV with state-of-the-art values
reported previously. Reproduced with permission7. Copyright © 2019, Springer
Nature.
Figure 2.11. (a) Illustration of the preparation of Ar plasma treated Co3O4
nanosheets. Scanning electron microscope (SEM) images of (b) untreated and (c)
treated Co3O4 nanosheets. Transmission electron microscope (TEM) images of (d)
untreated and (e) treated Co3O4 nanosheets. (f) LSV curves and (g) Tafel slopes of
pristine and plasma engraved Co3O4 nanosheets. Reproduced with permission8,
Copyright © 2016, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. (h) LSV
curves of Pt, RuO2, and Na1-xNiyFe1-yO2 with y = 0.75, 0.80, 0.90 and 1.00
respectively. (i) Durability test for the NaNi0.9Fe0.1O2 and RuO2 samples at 10 mA
cm-2 in 1.0 M KOH solution. Reproduced with permission9, Copyright © 2017,
The Royal Society of Chemistry.
Figure 2.12. (a) STM image and CV curves of the Ni(OH)2/Pt-islands/Pt(111)
surface. (b) HER activity of various samples. (c) Schematic diagram of the HER
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process on the Ni(OH)2/Pt electrode surface. Reproduced with permission10,
Copyright 2011, American Association for the Advancement of Science. (d)
HAADF-STEM image of W doped Ni(OH)2 sample. (e) LSV curves and (f) Tafel
plots for Ni(OH)2-r, w-Ni(OH)2-e, and w-Ni(OH)2 samples. Reproduced with
permission11, Copyright © 2019, Springer Nature. (g) LSV curves of CoIr-x and
IrO2 samples in 1M PBS. Reproduced with permission12, Copyright © 2018,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
Figure 2.13. (a) Schematic illustration of strained S-vacancies on the basal plane.
(b) Free energy versus the reaction coordinates of the HER for the S vacancy range
of 0-25%. (c) ΔGH versus %x-strain for various %S-vacancy, ranging from 0.0%
(pristine) to 18.75%. (d) LSV curves for various samples. Reproduced with
permission13, Copyright © 2015, Springer Nature. (e) The results of the DFT
calculations and the corresponding mechanisms of the electrocatalytic HER on the
surfaces of different catalysts under alkaline conditions. Reproduced with
permission14, Copyright © 2016, The Royal Society of Chemistry.
Figure 2.14. (a) Schematic illustration of the synthesis process for Mo2C@NC. (b)
LSV curves of Pt/C, N-doped carbon, com-Mo2C, and Mo2C@NC. (c) Stability test
of Mo2C@NC at an overpotential of 70 mV over 80 h of operation. Reproduced
with permission15, Copyright © 2015, WILEY‐VCH Verlag GmbH & Co. KGaA,
Weinheim. (d) HER polarization curves of carbon paper (CP), Mo2TiC2Tx,
Mo2TiC2Tx–VMo, Mo2TiC2Tx–PtSA and Pt/C (40%). (e) The Corresponding Tafel
slopes derived from d. (f) Exchange current densities of the catalysts, and (g) the
mass activity of state-of-the-art Pt/C and Mo2TiC2Tx–PtSA. Reproduced with
permission16, Copyright © 2018, Springer Nature.
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Figure 2.15. (a)The calculated density of states (DOS) for bulk Ni3N and Ni3N
sheet. (b) The normalized LSV curves of Ni3N nanosheets, bulk Ni3N, and NiO
nanosheets by the specific surface area measured via BET. (c) Corresponding Tafel
plots of Ni3N nanosheets, bulk Ni3N and NiO nanosheets. Reproduced with
permission17, Copyright © 2015, American Chemical Society. (d) LSV curves and
(e) Tafel slopes of Co2N, Co3N, and Co4N. (f) Stability test of Co2N, Co3N and
Co4N. Reproduced with permission18, Copyright © 2016, the Partner Organisations.
(g) Polarization curves before (solid curves) and after (dashed curves) the
accelerated durability tests, with chronoamperometric responses at a constant
potential (inset). The ELF of the clean (h) and oxide-adsorbed (i) surfaces.
Reproduced with permission19, Copyright © 2019, Springer Nature.
Figure 2.16. (a) Schematic illustration of the preparation of CUMSs-ZIF-67. (b)
HAADF image of CUMSs-ZIF-67, where CUMSs = coordinatively unsaturated
metal sites. (c) LSV polarization curves of the ZIF-67 and CUMSs-ZIF-67
electrocatalysts in O2-saturated 0.5 M KBi aqueous solution. Reproduced with
permission20, Copyright © 2017 Elsevier Ltd. (d) Schematic illustration of the
synthesis of 2D MOF@Pt. (e) TEM image of 2D MOF@Pt hybrid nanosheet. (f)
Polarization curves and (g) corresponding Tafel slopes of 2D MOF@Pt (20 wt %
Pt), Ni-MOF-Pt, Ni-MOF nanosheets, Pt NPs, and commercial 10% Pt/C in 0.5 M
H2SO4 solution. Reproduced with permission21, Copyright © 2019, American
Chemical Society.
−2
Figure 2.17. (a) Potentials at 25 𝑚𝐴 𝑐𝑚0𝑥
as a function of the eg orbital in

perovskite-based oxides. Data symbols vary with type of B ion, where x=0 and 0.5
for Cr, and 0, 0.25, and 0.5 for Fe. Error bars represent standard deviations.
Reproduced with permission22, Copyright © 2011, Springer Nature. (b) The relation
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between the OER catalytic activity, defined by the overpotentials at 50 𝑚𝐴 𝑐𝑚0𝑥
of

the OER current, and the occupancy of the eg-symmetry electron of the transition
metal (B in ABO3). Reproduced with permission23, Copyright © 2011, American
Association for the Advancement of Science.
Figure 2.18. (a) Schematic diagram of the concurrent MoS2/Pd (II) redox reaction.
(b) Dark-field scanning transmission electron microscope image of the 1%Pd-MoS2.
Blue and yellow balls denote Mo and S atoms, respectively. Scale bar: 1nm. (c)
Polarization curves of MoS2, 1%Pd- MoS2, 1%Pd-C and 20%Pt-C. (d) Adsorption
site for a single H atom absorbed on top site of 1T-Pd–MoS2 S. (e) Free energy
diagram of 2H and 1T MoS2 on different active sites. Reproduced with permission24.
Copyright © 2018, Springer Nature. (f) Schematic illustration of the synthesis
process for SA Co-D 1T MoS2. (g) HAADF-STEM image of SA Co-D 1T MoS2.
(h) Enlarged HAADF-STEM image of the red square area of (g) (scale bar: 2 Å).
(i) Theoretical model and (j) simulated STEM image using QSTEM simulation
software (scale bar: 2 Å). (k) Co K-edge XANES spectrum of SA Co-D 1T MoS2
and fitted curve, with different views of the structure in the insets. (l) Polarization
curves of SA Co-D 1T MoS2. Reproduced with permission25. Copyright © 2019,
Springer Nature.
Figure 2.19. (a) Illustration of the structure of J-PtNW from theoretical simulations.
(b) J-PtNW with colored atoms to show the five-folds index. (c) J-PtNW with
coloured atoms to indicate atomic stress (in atm.nm3). Reproduced with
permission26, Copyright © 2016, American Association for the Advancement of
Science. (d) Illustration of the effect of tensile strain or reduced coordination on the
width and position of the d band of an early transition metal. Reproduced with
permission27, Copyright © 2010, The American Physical Society. Schematic
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illustration of the lattice constant change of the LiCoO2 support and the how the
lattice tension (e) and compression (f) are introduced to the Pt NPs. (g) The change
in adsorption energy for O*, OH*, and OOH* intermediates as well as the
modification of overpotential as functions of uniaxial strain. (h) Free energy
diagram for the ORR at 0.76 V versus reversible hydrogen electrode (RHE), where
all the steps for the -5% strained Pt(111) are exergonic. (i) Illustration of the limiting
potential “volcano” as a function of the change in ΔGOH. (j) Comparison between
the experimental half-wave potential and the change in theoretical overpotential due
to strain. Reproduced with permission28. Copyright © 2016, American Association
for the Advancement of Science.
Figure 3.1. The flow chat of general experimental procedures.
Figure 4.1. (a) Schematic illustration of the preparation of ELCMO nanosheets. (b)
XRD patterns of LCO, LCMO, ELCO and ELCMO catalysts. (c) The ratio of the
intensity of peak (003)/(104), and inset is the digital images of the solutions of
exfoliated ELCO and ELCMO nanosheets dispersed in ethanol.
Figure 4.2. Figure 4.2. SEM images of bulk LCO at different magnifications: (a)
×10000, (b) ×20000.
Figure 4.3. SEM images of bulk LCMO at different magnifications: (a) ×20000, (b)
×40000.
Figure 4.4. Structural characterization of exfoliated ELCMO nanosheets. (a) TEM
image. (b) HRTEM image. (c) SAED pattern. (d) HAADF-STEM image, with the
inset showing the structure. (e) ABF-STEM image with the inset showing the
corresponding FFT pattern. (f) STEM mapping for Co, Mg and O. (g) IFFT image
of HADDF-STEM image. (H) Colored IFFT image of HADDF-STEM image. (i)
Schematic illustration of ELCMO viewed from the
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green spheres; Cobalt atoms: blue spheres.
Figure 4.5. TEM image (a) and HRTEM image (b) of ELCO nanosheets.
Figure 4.6. Electrocatalytic performance of LCO, LCMO, ELCO and ELCMO
catalysts for the OER. (a) LSV curves in1 M KOH solution at a scan rate of 5 mV
s-1. Inset is the overpotential required for J=10 mA cm-2. (b) TOF calculated at an
overpotential of 380 mV. (c) Tafel slope. (d) Current density differences plotted
against scan rates.
Figure 4.7. Cyclic voltammetry (CV) curves of LCO (a), LCMO (b), ELCO (c),
and ELCMO (d) catalysts.
Figure 4.8. Electrochemical impedance spectra (EIS) for LCO, LCMO, ELCO and
ELCMO catalysts.
Figure 4.9. CV curves measured in a non-Faradaic region of the voltammogram at
scan rates from 40 to 200 mV s-1 in 1 M KOH. The voltage range is 0.256-0.356 V
versus Hg/HgO. (a) CV curves of LCO; (b) CV curves of LCMO; (c) CV curves of
ELCO; (d) CV curves of ELCMO.
Figure 4.10. OER stability of ELCMO and IrO2 measured by the
chronoamperometry method.
Figure 4.11. CV curves of LCO (a), LCMO (b), ELCO (c), and ELCMO (d) on
glassy carbon electrodes in 0.1 M KOH solution that has been O2-saturated (red
line) or Ar-saturated (black line).
Figure 4.12. Electrocatalytic performance of LCO, LCMO, ELCO and ELCMO
catalysts for the ORR. (a) Rotating-disk voltammograms of ELCMO in O2saturated 0.1 M KOH with a scan rate of 5 mV s-1 at different rotation rates. (b)
Koutecky–Levich plots of ELCMO at different voltages. (c) Have-wave potential
plots. (d) Tafel slopes. (e) CA of ELCMO on the RDE (1600 rpm) at a 0.6 V (vs.
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RHE) in O2-saturated 0.1 M KOH.
Figure 4.13. (a) Rotating-disk voltammograms of LCO in O2-saturated 0.1 M KOH
with a sweep rate of 5 mV s-1 at the different rotation rates indicated; (b) The
corresponding Koutecky–Levich plots (J-1 versus ω-1/2) at different potentials.
Figure 4.14. (a) Rotating-disk voltammograms of LCMO in O2-saturated 0.1 M
KOH with a sweep rate of 5 mV s-1 at the different rotation rates indicated; (b) The
corresponding Koutecky–Levich plots (J-1 versus ω-1/2) at different potentials.
Figure 4.15. (a) Rotating-disk voltammograms of ELCO in O2-saturated 0.1 M
KOH with a sweep rate of 5 mV s-1 at the different rotation rates indicated; (b) The
corresponding Koutecky–Levich plots (J-1 versus ω-1/2) at different potentials.
Figure 4.16. (a) Electrochemical impedance spectra for LCO, LCMO, ELCO, and
ELCMO catalysts during the ORR process. (b) Fitting results for the charge transfer
resistance.
Figure 4.17. N2 adsorption/desorption isotherm of LCO, LCMO, ELCO and
ELCMO.
Figure 4.18. (a) Co 2p XPS core spectra. (b) O 1s XPS core spectra. (c) EELS
spectra of Co L2,3 edge. (d) Raman spectra of the samples.
Figure 4.19. Co 3p, Li 1s, and Mg 2p core peaks of LCO, LCMO, ELCO, and
ELCMO catalysts. A strong widening of the Co 3p peak toward higher binding
energy is observed after Mg doping and exfoliation, suggesting the oxidation of
Co3+.
Figure 4.20. Co 3s core peaks of LCO, LCMO, ELCO, and ELCMO catalysts.
Figure 4.21. (a) Normalized Co L-edge X-ray absorption spectra of the samples.
(b) Qualitative one-electron energy diagram, illustrating the modulated electronic
structure of Co and O. (c) Proposed OER and ORR mechanisms.
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Figure 4.22. Normalized oxygen K-edge X-ray absorption spectra of LCO, LCMO,
ELCO and ELCMO catalysts.
Figure 4.23. Valence spectra of LCO, LCMO, ELCO, and ELCMO catalysts.
Figure

5.1.

Synthesis

and

microscopic

characterization

of

Pt/LiCoO2

heterostructures. (a) Schematic illustration of synthesis process for Pt/LiCoO2
heterostructures. (b) SEM image of LiCoO2 (Inset: enlarged SEM image). (c) TEM
image of exfoliated LiCoO2 nanosheets. (d) TEM image of 30% Pt/LiCoO2 with
the corresponding statistical analysis of the particle size of Pt NPs confined on
LiCoO2 in the inset. (e) SAED pattern. (f) STEM-HAADF image. (g) STEM-ABF
image. (h) STEM mapping for Co, O, and Pt. Lithium atoms: green spheres; Cobalt
atoms: yellow spheres; Platinum atoms: purple spheres; Oxygen vacancy: grey
spheres.
Figure 5.2. Optical images of 30% Pt/LiCoO2, 12.8% Pt/LiCoO2, 4.3% Pt/LiCoO2
in ethylene glycol (EG) solution, from left to right. The colour of the Pt/LiCoO2
heterostructure becomes darker with increasing Pt loading content.
Figure 5.3. High-resolution transmission electron microscope (HRTEM) image of
exfoliated LiCoO2 nanosheets, with corresponding selected area electron diffraction
(SAED) patterns in the insets.
Figure 5.4. STEM-EDS spectrum of 30% Pt/LiCoO2.
Figure 5.5. ) Line scan profile of STEM mapping spectra for 30% Pt/LiCoO2. Both
the line1 and 2 plots suggest the coexistence of Pt and LiCoO2.
Figure 5.6. TEM characterization of Pt NPs. (a) TEM image. (b) Statistical analysis
of the particle size of Pt NPs.
Figure 5.7. TEM characterization of 4.3% Pt/LiCoO2. (a) TEM image. (b) HRTEM
image. (c) Fast Fourier transform (FFT) pattern. (d) Statistical analysis of the
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particle size of Pt NPs anchored on LiCoO2.
Figure 5.8. TEM characterization of 12.8% Pt/LiCoO2. (a) TEM image. (b)
HRTEM image. (c) Fast Fourier transform (FFT) pattern. (d) Statistical analysis of
the particle size of Pt NPs anchored on LiCoO2.
Figure 5.9. XRD patterns of LiCoO2, 4.3% Pt/LiCoO2, 12.8% Pt/LiCoO2 and 30%
Pt/LiCoO2.
Figure 5.10. XPS survey spectra of Pt NPs, LiCoO2, and 30% Pt/LiCoO2.
Figure 5.11. Structural characterization of Pt/LiCoO2 heterostructures. (a) Highresolution XPS spectra of Pt 4f for Pt NPs and 30% Pt/ LiCoO2. (b) Co 2p XPS
spectra of LiCoO2 and 30% Pt/LiCoO2. (c) Pt L3-edge XANES spectra. (d) Pt L3edge EXAFS spectra. (e) WT plots for the Pt L3-edge k3-weighted EXAFS signal
for Pt NPs and 30% Pt/LiCoO2 heterostructures. (f) Co K-edge XANES spectra
with the corresponding enlarged pre-edge area in the inset. (g) Co K-edge EXAFS
spectra. (h) WT plots for the Co K-edge k3-weighted EXAFS signal for LiCoO2 and
30% Pt/LiCoO2 heterostructures.
Figure 5.12. (a) Projected DOS of Pt tetrahedron crystal and Pt/LiCoO2. (b). The
d-band center of Pt in Pt tetrahedron crystal and Pt Pt/LiCoO2.
Figure 5.13. WT plot for the k3-weight EXAFS signal for Pt foil.
Figure 5.14. WT plot for the k3-weight EXAFS signal for Co foil.
Figure

5.15.

HER

electrocatalytic

performances

of

30%

Pt/LiCoO2

heterostructures. (a) The LSV curves of all the catalysts. (b) The overpotential for
different catalysts at 10 and 50 mA cm-2. (c) The corresponding Tafel plots for
various catalysts. (d) The Pt-mass normalized LSV curves (e) Mass activity of
different catalysts at an overpotential of 100 and 200 mV. (f) TOFs of different
catalysts at an overpotential of 100 and 200 mV. (g) Time-dependent current
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density retention curves for Pt/C and 30 % Pt/LiCoO2 at an overpotential of 55 mV.
Figure 5.16. HER polarization curve of 4.3% Pt/LiCoO2 in 1 M KOH solution.
Figure 5.17. TEM images of 30% Pt/LiCoO2: (a) before the CA test, (b) after the
CA test in the HER. (c) Statistical analysis of the particle size of Pt NPs anchored
on LiCoO2 after CA test for HER.
Figure 5.18. TEM images of Pt/C: (a) before the CA test, (b) after the CA test in
the HER. (c) Statistical analysis of the particle size of Pt NPs anchored on
graphitized carbon: (c) before the CA test, (d) after the CA test for HER.
Figure 5.19. Electrochemical impedance spectra (EIS) of the catalysts in the HER
test. (a) Electrochemical impedance spectra for LiCoO2, 12.8% Pt/LiCoO2, 30%
Pt/LiCoO2, and Pt/C. The inset plot is an enlargement of the high frequency area of
the EIS spectra. (b) The EIS spectra of 30% Pt/LiCoO2 and Pt/C after the 4 h CA
test. (c) The increase in the charge transfer resistance after the CA test for 30%
Pt/LiCoO2 and Pt/C.
Figure 5.20. OER electrocatalytic performance of 30% Pt/LiCoO2 heterostructures.
(a) The LSV curves of all the catalysts. (b) The corresponding overpotentials at a
current density of 10 mA cm-2. (c) The corresponding Tafel plots. (d) TOF
calculated at an overpotential of 360 mV. (e) Chronopotentiometry measurements
of the 30% Pt/LiCoO2||30% Pt/LiCoO2 and IrO2||Pt/C full cells at 50 mA cm-2.
Figure 5.21. Onset potential of all the catalysts for the OER.
Figure 5.22. Overpotential of LiCoO2, 12.8% Pt/LiCoO2, and 30% Pt/LiCoO2
derived from LSV curves at 50 mA cm-2 in the OER.
Figure 5.23. Electrochemical impedance spectra of LiCoO2, 12.8% Pt/LiCoO2, 30%
Pt/LiCoO2, and IrO2 for the OER. The inset plot is an enlargement of the high
frequency area of the EIS spectra.
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Figure 5.24. CV curves measured in a non-Faradaic region at scan rates from 40
to 200 mV s-1 in 1M KOH for the OER. (a) LiCoO2. (b) 12.8% Pt/LiCoO2. (c) 30%
Pt/LiCoO2. (d) Pt/C.
Figure 5.25. Cdl plots of LiCoO2, 12.8% Pt/LiCoO2, 30% Pt/LiCoO2, and Pt/C for
the OER.
Figure 5.26. The optical images of the assembled overall water splitting device.
Figure 5.27. LSV curves of 30% Pt/LiCoO2||30% Pt/LiCoO2 and IrO2||Pt/C in 1M
KOH for the water splitting device. (Both were loaded onto Ti foam at a loading of
1mg cm-2.)
Figure 5.28. Chronopotentiometry measurements of the 30% Pt/LiCoO2||30%
Pt/LiCoO2 and IrO2||Pt/C full cells at 10 mA cm-2.
Figure 5.29. TEM images of 30% Pt/LiCoO2 after overall water splitting for 20 h.
(a) HER. (b) OER.
Figure 5.30. (a) Structural illustration of LiCoO2. (b) Structural illustration of
Pt/LiCoO2 heterostructure.
Figure 5.31. (a). Differential charge density of Pt/LiCoO2. Iso-surface value is
0.0064 eÅ-3. Yellow and blue contours denote electron accumulation and depletion,
respectively. (b). Calculated free-energy diagram of OER on the surface of LiCoO2
and Pt/LiCoO2 at U=0 (vs. RHE). (c). Projected density of state (PDOS) on the 3d
orbitals of Co atoms in the LiCoO2 and Pt/LiCoO2. (d). Schematic illustration of
the proposed HER and OER pathways on Pt/LiCoO2 heterostructured
electrocatalysts.
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Chapter 1
Introduction

1.1 Research background
With the increasingly serious nature of environmental pollution and our global
energy crisis, designing large-scale renewable energy storage and conversion system is
of great significance1, 29, 30. According to the International Energy Agency, about 80% of
energy consumption originates from fossil fuels, and global energy demands are predicted
to reach 26 TW in 2040 with the growing population and spread of industrialization.
Consequently, obtaining a sufficient energy supply while blocking environmental
pollution remains a huge challenging. Developing various green and sustainable energy
sources such as solar and wind is an effective way to reduce our dependence on fossil fuel
resources. Renewable electricity plays a vital role in reducing the demand for fossil fuels,
especially in transportation and industry. For instance, the global energy demand in the
chemical industry is expected to reach 2.5 TW31, with most of it originating from fossil
fuel resources. Therefore, developing a green and renewable strategy to produce
chemicals is also beneficial for decreasing the release of CO2.
To date, various renewable paths have been developed to produce clean fuels and
chemicals such as H2 and NH3, which could play a vital role in reducing our usage of
traditional energy. As indicated in Figure 1.1, there are considerable energy resources,
like H2O, CO2, and N2, on the earth, and they can potentially be turned into valuable
chemical products and clean energy via electrochemical reactions. In these reaction
systems, electrocatalysts play an indispensable part, which could drive the reactions with
low energy consumption. It can be seen that these earth-abundant resources such as H2O,
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CO2, and N2 could be transformed into H2 fuel, valuable chemicals, and NH3 via an
electrochemical process involving the participation of catalysts. Therefore, the core aim
of such work is to develop and design an appropriate catalyst for each corresponding
reaction.

Figure 1.1. Schematic illustration of a sustainable energy landscape based on
electrocatalysis. Reproduced with permission1. Copyright © 2017, American Association
for the Advancement of Science.

1.2 Objectives of the research
The objective of this thesis is to develop a cost-effective electrocatalyst with
superior activity and good stability towards efficient water electrocatalysis. It should be
noted that there are two main approaches to increase the activity of a catalyst. One is to
increase the number of active sites, which usually can be achieved by a nanostructuring
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approach or dispersing catalyst on support with a high specific surface area. Another
approach is to improve the intrinsic activity of the electrocatalyst via interaction, alloying,
and confinement approaches to modify its electronic properties. Some of these
approaches can increase both the intrinsic activity and the number of active sites
concurrently. Herein, a two-dimensional (2D) engineering approach is first introduced to
increase the number of active sites. The increased active sites are derived from the much
greater exposure of the active centers due to the reduced thickness and lateral size. This
2D engineering could also tune the electronic structure of the catalyst owing to the
presence of abundant under-coordinated active sites and defects. Then, heteroatom
incorporation and heterostructure engineering strategies coupled with the 2D engineering
approaches are deployed to further modulate the electronic structure and tune the number
of active sites. These studies ate intended to explore the potentially rational design
methods to substantially increase the activity of catalysts through electronic structure
engineering.

1.3 Thesis framework
This thesis is aimed at developing a rational design strategy for electrocatalysts
based on electronic structure engineering. To achieve this goal, 2D engineering, defect
engineering, and heterostructure engineering approaches are finely deployed to modulate
the electronic properties of LiCoO2, which acts as a model material for cobalt-based
layered transition metal oxides, to achieve enhanced catalytic performance. The structureactivity relationship, the metal-support interaction, and the coordination geometry effects
are also clearly revealed. In addition, the research background, the recent progress of
electrocatalysts and the significance of this study, as well as the study methods and
characterization techniques, are also included. Based on these considerations, this thesis
can be divided into 6 parts, and a brief outline is indicated as follows:
3
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Chapter 1 briefly presents the research background of water electrocatalysis,
including the critical role of the energy and storage, and the significance of developing
and designing cost-effective electrocatalysts with high activity and durability.
Chapter 2 systematically outlines the recent progress of various electrocatalysts for
water electrocatalysis, and eight types of most commonly used catalysts are introduced.
Chapter 3 introduces the experiment-related information, including the required
chemicals, synthetic methods, and physical and electrochemical characterization
techniques.
Chapter 4 discusses the first case, regulating the electronic structure of LiCoO2 via
coupled heteroatom doping with the shear-force-assisted exfoliation approach. The
synergetic effects of Mg doping and the exfoliation can effectively modulate the
electronic structure of LiCoO2, where the optimized electronic structure of Co can be
achieved and the Co–O covalency can be enhanced, thus leading to enhanced catalytic
performance.
Chapter 5 introduces another case, in which a heterostructure engineering strategy
is deployed to modulate the coordination environment and electronic properties of
LiCoO2 and Pt nanoparticles. In this electrocatalyst system, the active center can be
alternatively switched between Pt and LiCoO2 for the HER and the OER, respectively.
The unique platinum/lithium cobalt oxide heterostructures endow it with multifunctional
catalytic applications with superior electrochemical water splitting performance.
Chapter 6 presents a brief conclusion to this thesis and provides both fundamental
and applied research perspectives for the rational design of advanced electrocatalysts for
water electrocatalysis.
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Chapter 2
Literature review
2.1 The evolution of electrocatalysis
Electrocatalysis is one kind of heterogeneous catalysis, which occurs at the interface
between electrode and electrolyte. In an electrocatalysis system, the electrode could act
as both the electrocatalyst and the donor/acceptor of electrons. Electrocatalysis mainly
explores the interaction between the physicochemical properties of the catalyst materials
and the underlying catalytic mechanism. Increasing the reaction rate is the ultimate aim
of electrocatalysis, which can be achieved by reducing the overpotential and the reaction
energy barriers. Actually, electrocatalysis is a part of contemporary chemistry. The
history of electrocatalysis can be traced back to the 1920s32. Bowden and Rideal made
various measurements of overpotential for the HER, and this can be regarded as the
initiation of electrocatalysis32. Until 1936, the term of electrocatalysis was introduced by
Kobosev and Monblaowa in the German language33. However, it was well known until
1963, when Grubb first mentioned the word “electrocatalysis” in English34. For many
years, the research was focused on HER, and Pt was the most studied material. With the
development of applied electrocatalysis, developing a catalyst with low cost and high
activity became increasingly significant. As a result, many non-platinum or low platinum
catalysts were designed. For example, many Pt alloys were developed to reduce the
consumption of Pt. Additionally, the alloys could exhibit superior activity compared to
pure Pt due to the synergistic effects. The investigation of non-noble-metal catalysts
began in the middle 1970s and has lasted until now. With the rapid development of
electrocatalysis science, apart from advanced noble-metal catalysts, considerable number
of non-precious-metal based catalysts, such as carbon based materials, transition metal
5
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oxides, nitrides, transition metals or alloys, carbides, and metal-organic frameworks, have
been explored, and exhibited superior catalytic performance. Moreover, the
electrocatalytic reaction types have been widened to include various catalytic applications,
such as the oxygen evolution reaction (OER), oxygen reduction reaction (ORR),
hydrogen peroxide reduction reaction, carbon dioxide reduction reaction (CRR), nitrogen
reduction reaction (NRR).
Apart from the development of experimental science in electrocatalysis,
theoretical studies also have gained great achievements. The d-band theory, which was
proposed by Hammer and Nørskov in the 1990s, established the relationship between
catalytic activity and electronic properties35. After that, a series of reactivity descriptors,
such as electronic descriptors and structural descriptors, have been extensively studied
(Figure 2.1). The d-band theory, which is representative of electronic descriptors, has
been applied to describe the interaction between the transition-metal surface and adsorbed
intermediates (Figure 2.2). To better describe the energy level of the d band, the d-band
center was also supplemented36,

37

. This is beneficial for qualifying the interaction

between the metal surface and an adsorbate as the d-band center can be easily calculated
through density functional theory (DFT) calculations. Another important type of activity
descriptor, the structural descriptors, has been introduced to identify the effects of the
geometric structure of catalysts on the activity (Figure 2.2)38,

39

. The number of

coordinated atoms scales with the adsorption energy on the surface of a catalyst with
defects. By calculating the coordination numbers of active centres, the adsorption energy
of intermediates can be obtained. Currently, the activity descriptors, including both the
electronic descriptors and the structural descriptors, have been successfully applied to
predict the activity of metal oxides (Figure 2.3). Therefore, the usage of activity
descriptors can predict a tendency towards high electrocatalytic performance, thereby

6

Chapter 2 Literature review

enabling the rational design of catalysts for specific catalytic applications.

Figure 2.1. A timeline of the evolution of reactivity descriptors in heterogeneous catalysis.
Reproduced with permission2, Copyright © 2019, Springer Nature.
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Figure 2.2. Typical reactivity descriptors of metal catalysts. Reproduced with
permission2, Copyright © 2019, Springer Nature.

Figure 2.3. Typical reactivity descriptors of metal-oxides catalysts. Reproduced
with permission2, Copyright © 2019, Springer Nature.

8
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2.2. Fundamentals of the HER, OER and ORR
2.2.1. The mechanism for the HER
The HER is a two-electron transfer reaction occurring on the electrode surface in
both acid and basic environments. The reaction mechanism can be illustrated by the
following schematic in acidic solution.

Figure 2.4. The HER mechanism on the surface of a catalyst. The * represents the
adsorption site of the catalyst, and the H* represents the adsorbed H.

In alkaline media, the source of the proton is H2O, and the reaction mechanism can be
described as follows:
Volmer step:

H2O +  + e  OH- + H
9

(2.1)
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Heyrovsky step:

H2O +  + e + H  H2 +  + OH

(2.2)

Tafel step:

2H  H2 + 2

(2.3)

As for which reaction pathway would be selected, it depends on the coverage of adsorbed
H on the surface of the electrode. If the coverage is low, it will follow the VolmerHeyrovsky pathway, and otherwise, it is the Volmer - Tafel step40.
In the HER, the hydrogen adsorption free energy (ΔGH*) is an extremely important
descriptor, which is usually used to determine the HER reaction rate. A good catalyst
should have hydrogen adsorption that is neither too weak nor too strong, and the ΔGH* is
close to zero in this situation. Norskov et. al calculated ΔGH* over a series of metal
surfaces based on thermodynamic conditions and the results indicated that Pt has an
optimal ΔGH* (close to 0), which is identical to the experimental result that Pt exhibits
superior HER activity3 (Figure 2.5). Obviously, the obtained data can be ordered into a
volcano plot, with all the reactive metals located on the left and the unreactive metals on
the right.
A good evaluation approach to HER catalysts is of great significance, because it
could help to screen for catalysts with superior activity. Some important parameters, such
as overpotential, Tafel slope, and turnover frequency (TOF), have been widely used to
evaluate the activity of catalysts, which can be easily obtained from the liner sweep
voltammetry (LSV) curves. In addition, stability is another critical parameter that is used
to assess the potential practical applications of a HER catalyst. There are mainly two
electrocatalytic methods for the stability tests. One is the voltammetric method conducted
by cyclic voltammetry (CV) or LSV to compare the difference in potential before and
after a specific number of cycles. Another method is the galvanostatic (potentiostatic)
method, in which a good catalyst can be suggested by its small potential (current density)
variation at a specific current (potential) under long-term cycling.
10
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Figure 2.5. Experimentally measured exchange current over different metal surfaces
plotted as a function of the calculated hydrogen chemisorption energy (top), and the free
energy for hydrogen adsorption (bottom). Reproduced with permission3, Copyright 2005,
The Electrochemical Society.

2.2.2. The mechanism for the OER
The OER is a sluggish reaction due to its four proton/electron-coupled processes.
It contains 4 elementary steps and has a close relationship with the pH of the operating
media41,

42

. In acidic media, the product, the oxygen molecule, is derived from the

oxidation of two H2O molecules. The reaction mechanism can be presented in the form
of the following equations.
H2O +   OH + H+ + e

(2.4)

OH  O + H+ + e

(2.5)

O + H2O  OOH + H+ + e

(2.6)

OOH  O2 +  + H+ + e

(2.7)
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where * denotes the active sites of catalysts, and O*, OH*, and OOH* indicates adsorbed
intermediates. Likely, the proposed basic OER mechanism can be presented as follows:
OH +   OH + e

(2.8)

OH + OH  O + H2O + e

(2.9)

O + OH  OOH + e

(2.10)

OOH + OH  O2 +  + H2O + e

(2.11)

As indicated in the proposed mechanisms in acid and alkaline media, the intermediates
are the same, and the free energy can be calculated as the acid OER mechanism. The
overpotential  is calculated by the following equation:

OER = max (G1, G2, G3, G4)/e – 1.23 V

(2.12)

As indicated in the equation, the value of OER is depended on the free energy of GOH*,
GO*, GOOH*. For instance, Norskov et. al revealed the free energies of the intermediates
on adsorbed oxygen covered RuO2 at different potentials by DFT calculations4. As shown
in Figure 2.6, the rate-determining step can be regarded as the third step due to the largest
energy difference. At the equilibrium potential, the first three reactions are endothermic,
but when the potential reaches 1.60 V, all the reactions become exothermic.
In addition, the evaluation parameter of a catalyst is of huge significance, as it is
beneficial in screening for catalysts with high activity. The overpotential and onset
potential are regarded as defining the intrinsic activity, which depends on the nature of
the catalyst. The Tafel slope is another vital parameter to rate the OER activity of a
catalyst, which is closely related to the reaction kinetics during the OER process.
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Figure 2.6. The free energies of the intermediates on adsorbed oxygen covered RuO2 at
different potentials. Reproduced with permision4, Copyright © 2006 Elsevier B.V.

2.2.3. The mechanism for the ORR
The ORR can proceed through either a two-electron or a four-electron pathway.
If the product is H2O2, the reaction occurs via the two-electron pathway. For the fourelectron pathway actually comprises two pathways. One is the dissociative pathway, and
the other one is the associative pathway. The corresponding reation mechanism is
indicated as follows:
Associative (2e):

Dissociative (4e):

Associative (4e):

O2 + * → O2*

(2.13)

O2* + H+ + e– → OOH*

(2.14)

OOH* + H+ + e– → OOH + *

(2.15)

O2 + 2* → 2O*

(2.16)

2O* + 2H+ + 2e– → 2OH*

(2.17)

2OH* + 2H+ + 2e– → 2H2O + 2*

(2.18)

O2 + * → O2*

(2.19)

O2* + H+ + e– → OOH*

(2.20)

OOH* + H+ + e– → O* + H2O

(2.21)
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O* + H+ + e– → OH*

(2.22)

OH* + H+ + e– → H2O + *

(2.23)

Nørskov developed a DFT calculation method to assess the activity of various
transition metals towards the 4 e- ORR reaction pathway5. As indicated in Figure 2.7, a
volcano plot is presented of the activity trend as a function of the oxygen-binding energy.
The rate-determining step can be easily judged from the volcano plot for different
transition metals. If catalysts are situated on the left of the volcano, the rate-determining
step is the desorption of OH*. The rate-determining step could turn into the adsorption of
*OOH if the catalysts are located on the right of the volcano. Pt is located at the top area
of the volcano due to its optimal oxygen adsorption energy, which is in good agreement
with the experimental results. It should be noted that the above-mentioned literature
regarding DFT calculations were primarily based on thermodynamic conditions without
detailed investigations of transition states and real kinetic barriers. It might be a deviation
from the realistic testing condition, and therefore more advanced DFT calculations
methods should be developed in which the transition state and solvation conditions are
well-considered43-46.
Currently, several parameters, such as onset potential, half-wave potential (E1/2),
and the diffusion-limited current density (jL), have been deployed to evaluate the ORR
activity of catalysts. These parameters can be easily obtained from the LSV curves.
Another key indicator is the electron transfer number (n), calculated by the Koutecky–
Levich equation, which can be applied to judge the reaction pathway47, 48.

2.3 Heterogeneous catalysts for electrocatalysis
With the rapid development of electrocatalysis science, a considerable number of
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Figure 2.7. Representative volcano plot showing ORR activity as a function of oxygen
binding energy on different metals. Reproduced with permission5. Copyright © 2004,
American Chemical Society.

low-cost and highly active catalysts based on noble and non-noble metals, as well as
metal-free electrocatalysts have been well designed and developed. In this work, eight
kinds of commonly used electrocatalysts are classified according to the properties of
materials. These include carbonaceous materials, metals (alloys), metal oxides, metal
hydroxides, metal chalcogenides, nitrides, metal carbides, and metal-organic frameworks
(MOFs) (Figure 2.8).

2.3.1 Carbonaceous materials
Carbon-based materials have been considered as good supports and even
electrocatalysts because of their good conductivity, good corrosion resistance, and high
specific surface area. Many carbon-based materials such as carbon nanotubes (CNTs),
graphene, and graphdiyne have exhibited catalytic performance. With the introduction of
15
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heteroatoms, such as N, P, and S, their performance can further be enhanced due to the
modulated electronic structure. For instance, Gong et al. first observed that N doped
CNTs could exhibit good ORR performance49. Since then, various N-doped carbon-based
materials, e.g. N-doped carbon nanotubes, and N-doped graphene, have been intensively
studied for ORR applications50. Moreover, some other heteroatoms such as B and S have
also been incorporated into the carbon-based materials to promote the oxygen reduction
reactions51,

52

. In the case of the application of carbon-based materials in water

electrocatalysis, researchers have mainly focused on the application of in the ORR.
Although there are some reports on the HER and OER application, the exhibited
electrocatalytic performance was much inferior to that of noble-metal based materials5356

.

Figure 2.8. The categories of electrocatalysts and the engineering strategies for enhancing
the catalytic performance.

Recently, single atom catalysts (SACs) have been received considerable attention
16
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for catalysis, metal-air batteries, fuel cells, and energy-related applications, owing to their
maximum atom utilization efficiency, well-identified active centers, and tunable
supports57-64. Carbon-supported SACs not only have been widely applied in the oxygen
reduction evolution (ORR) but also in the hydrogen evolution reaction (HER), in both of
which, they showed superior electrocatalytic performance65-69. For example, Wei et al.
synthesized Co/PCN SACs consisting of phosphorized carbon nitride (PCN) nanosheets
supporting isolated Co species through a combined wet chemical impregnation method
and pyrolysis reaction. The high-angle annular dark-field scanning transmission electron
microscope (HAADF-STEM) images confirmed the presence of homogeneously
dispersed Co atoms on the support (Figure 2.9c). When tested in 1 M KOH solution, the
Co/PCN SACs delivered comparable activity to Pt/C, with a small overpotential of 89
mV (at 10 mA cm-2) and a low Tafel slope (52 mV dec-1), indicating the critical role of
single Co atoms in enhancing the HER activity of PCN (Figure 2.9a and b). Importantly,
they monitored the dynamics of the electronic structure and coordination geometry of the
Co active sites during the HER process using the operando X-ray absorption fine structure
(XAFS) technique. The extended X-ray absorption fine structure (EXAFS) fitting results
indicated the formation of the HO-Co1-N2 moiety, which can serve as the true active
centers for the HER activity under the working conditions (Figure 2.9d and e). To further
probe the working mechanism of Co/PCN SACs, they conducted DFT calculations to
study the adsorption energy of H2O and H, and the free energy for the H2O dissociation
step. The Co/PCN SACs exhibited larger H2O adsorption energy and similar H adsorption
energy to Pt, indicating favorable H2O adsorption and H adsorption on the surface of
Co/PCN. This can be further verified by the energy diagram for H2O dissociation, in
which Co/PCN possesses a much low energy barrier for the Volmer step than Pt, resulting
in faster proton transfer and thereby enhanced water dissociation step (Figure 2.9f).
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2.3.2 Metal (alloy)
Metals, especially noble metals such as Pt-based catalysts, have attracted
increasing attention owing to their unique electronic properties, and they are therefore
highly active in HER and ORR applications. Despite this, their high cost has hugely
inhibited their large-scale application. With the development of catalytic science, it was
found that increasing the atom utilization efficiency of a noble metal could substantially
decrease the cost and concurrently enhance the catalytic activity. Designing special
morphologies and structures can be effective strategies to reach a high atom utilization
efficiency70. The evidence proved that nanowire, core-shell, and hollow structures can
achieve much higher electrocatalytic performance than that of bulks and nanoparticles.
For example, Xiong et al. synthesized a Pd@Pt core-shell structure on graphene, which
exhibited superior HER activity71. The required overpotential was 15 mV to reach a
current density of 10 mA cm-2. DFT calculations indicated that the core-shell structure
could cause increased electron density, which was regarded as the reason for the improved
HER activity.

Figure 2.9. (a) Schematic illustration of the operando electrochemical cell. (b) LSV curves.
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(c) HAADF-STEM image of Co1/PCN. (d) First-shell fitting of EXAFS spectra and (e)
the corresponding Re(k3 χ (k)) oscillations of different fitting paths at different potentials.
(f) Free energy diagram for H2O dissociation for the Volmer step. Reproduced with
permission6. Copyright © 2018, Springer Nature.

Besides, the alloying strategy has been widely used to reduce the consumption of
precious metal and enhance the catalytic performance. It is well known that the alloying
strategy is an important tool to enhance the catalytic activity of catalysts72-76. Noble metal
alloys show higher ORR and HER activity than that of pure noble metals due to strain
and ligand effects. For example, Duan et al. reported single Ni atoms tailored Pt
nanowires for multifunctional electrocatalysis7. As indicated in the schematic diagram,
the single-atomic Ni species were sparsely dispersed on the Pt nanowires, which was
solidly validated by the electron energy loss spectroscopy (EELS) elemental mapping of
Ni (Figure 2.10a and b ). This was well agreement with the EXAFS results, in which no
Ni-Ni bond was observed in Ni-Pt alloy (Figure 2.10c and d). Significantly, the Ni-Pt
single atom alloy (SAA) achieved the high electrochemical active surface area (ECSA)
and activity simultaneously for the HER, much better than the benchmark Pt/C catalyst.
To be specific, the Ni-Pt alloy exhibited a low overpotential (about 70 mV at 10 mA cm2

) and a small Tafel slope (Figure 2.10e). Also, the ECSA and mass activity of the Ni-Pt

alloy were much superior to those of commercial Pt/C and other state-of-the-art catalysts.
In another case, Li et al. first reported Ru1-Pt3Cu SAA with atomically dispersed Ru
atoms embedded in Pt3Cu for the OER77. It delivered a low overpotential of 220 mV
achieving a current density of 10 mA cm-2, 90 mV lower than that of RuO2 in 0.1 M
HClO4 solution. More importantly, the stability measurements indicated that Ru1-Pt3Cu
exhibited superior durability, with negligible decay after 28 h chronopotentiometry test,
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much outperforming RuO2. This was solidly supported by the Ru dissolution results
conducted by inductively coupled plasma (ICP), in which Ru was only slightly dissolved
compared to nearly 100% for RuO2. The authors ascribed the superior activity and
durability to the compressive strain of the outer Pt skin layer, which could effectively
tailor the electronic properties of isolated Ru atoms, ensuring the optimal binding energy
of intermediates and good corrosion resistance in acid solution during the OER reaction.

2.3.3 Metal oxides
Metal oxides have been widely applied in energy storage and conversion, such as
alkaline ion batteries, metal-air batteries, water splitting, and CO oxidation78-85. Spinel
metal oxides are among the most representative, which have been used as efficient
electrocatalysts for the OER and ORR86. Due to their flexible physicochemical
characteristics, compositions, morphologies and defects can be modulated via
controllable synthesis. These modifications can raise the ORR and OER activities of
spinels, which could further enhance their energy transfer efficiency and the durability of
water splitting devices. For instance, Dai et al. prepared a Co3O4-based OER
electrocatalyst via a plasma-engraving strategy (Figure 2.11a)8. The plasma-treated
Co3O4 nanosheets had a rough, discontinuous and loose surface, which caused a much
higher specific surface area than untreated one, as evidenced by the Brunauer-EmmettTeller (BET) measurement (Figure 2.11b-e). Also, much more oxygen vacancies were
generated during the engraving process, which could contribute to the enhancement of
conductivity and more under-coordinated Co active centers. These factors would
contribute to the substantially enhanced OER performance of Co3O4. When tested in 0.1
M KOH solution, the plasma engraved Co3O4 showed an overpotential of 300 mV at 10
mA cm-2, much lower than the pristine one (540 mV) (Figure 2.11h). In addition, a faster
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Figure 2.10. (a) Schematic diagram of Ni-Pt alloy nanowire. (b) Ni EELS mapping and
overlaid image of Ni-EELS mapping on Pt. (c) and (d) Pt and Ni EXAFS fitting results.
(e) ECSA normalized HER LSV results with 95% IR correction at a scan rate of 5 mVs 1

. (f) Comparison of ECSA values, specific current values normalized by ECSA, and mass

activity normalized by Pt mass for the HER at an overpotential of 70 mV. (g) Comparison
of HER mass activity of Ni-Pt alloy nanowires at an overpotential of 70 mV with stateof-the-art values reported previously. Reproduced with permission7, Copyright © 2019,
Springer Nature.

kinetic process was achieved by treated Co3O4, with a Tafel slope of 68 mV dec-1 (Figure
2.11g). Layered transition oxides also have been deployed to serve as efficient
electrocatalysts87-93. Yan and co-workers designed a series of Na1-xNiyFe1-yO2 double
oxides by solid-state reaction9. Among them, NaNi0.9Fe0.1O2 exhibited the best OER
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performance, much superior to that of the benchmark RuO2 (Figure 2.11h). The stability
test indicated that NaNi0.9Fe0.1O2 features good durability with no obvious decay after 70
h of operation (Figure 2.11i).
Moreover, metal oxide supported nanoparticles or single atoms could be an
effective strategy to enhance catalytic performance due to the strong metal-support
interactions 94-98. Zou et al. fabricated a TiO 2 nanobelt (UTN) supported atomically
dispersed Fe atoms catalyst via a simple adsorption-oxidation method99. The authors
believed that the KOH treated UTN featured abundant OH groups, which could offer
anchoring sites for FeⅡ and then that the FeⅡ was oxidized to FeⅢ in the low spin state
during a desiccation process. The formation of atomically dispersed Fe Ⅲ atoms was
identified by the HAADF-STEM image and further confirmed by the Fourier transform
(FT)-EXAFS of the Fe K-edge with no presence of Fe-Fe bond in Fe/TiO2. DFT
calculations suggested that the FeⅢ was partially transferred to the low spin state, which
was further verified by the susceptibility measurement, indicating optimal eg filling for
the OER for Fe/TiO2. The electrochemical test results were well agreement with this, in
which the Fe/TiO2 exhibited a low overpotential (at 10 mA cm-2) and a small Tafel slope
(36.6 mV dec-1), suggesting the important role of low spin-state FeⅢ in enhancing the
adsorption of oxygen-containing intermediates.

2.3.4 Metal hydroxides
Layered double hydroxides ( LDHs) materials have gained considerable attention
in the catalytic field due to their unique structural and electronic properties100,

101

.

Benefiting from their strong structural flexibility, their catalytic performance can be tuned
by 2D engineering, vacancy engineering, heterogeneous engineering, and electronic
structure engineering, which have caused the LDHs to be viewed as one of the most
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promising candidates for all catalytic applications102-104. Defects such as cation vacancies
and anion vacancies can be engineered to tune the electronic properties of metal
hydroxides to increase the number of active sites and their intrinsic activity102, 105, 106.

Figure 2.11. (a) Illustration of the preparation of Ar plasma treated Co3O4 nanosheets.
Scanning electron microscope (SEM) images of (b) untreated and (c) treated Co3O4
nanosheets. Transmission electron microscope (TEM) images of (d) untreated and (e)
treated Co3O4 nanosheets. (f) LSV curves and (g) Tafel slopes of pristine and plasma
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engraved Co3O4 nanosheets. Reproduced with permission8, Copyright © 2016, WILEY‐
VCH Verlag GmbH & Co. KGaA, Weinheim. (h) LSV curves of Pt, RuO2, and Na1xNiyFe1-yO2

with y = 0.75, 0.80, 0.90 and 1.00 respectively. (i) Durability test for the

NaNi0.9Fe0.1O2 and RuO2 samples at 10 mA cm-2 in 1.0 M KOH solution. Reproduced
with permission9, Copyright © 2017, The Royal Society of Chemistry.

Although the LDHs do not exhibit superior HER catalytic performance in alkaline
solutions, it was found that LDHs such as Ni(OH)2 are effective promoters for water
dissociation, which was viewed as the rate-determining step in the alkaline HER107.
Markovic et al. synthesized Pt/Ni(OH)2 heterostructures to study the effects of the Ni
LDH on the HER activity in basic media10. The surface morphology of the Ni(OH)2
nanocluster-modified Pt(111)/Pt-islands was observed by scanning tunneling microscopy
(STM) (Figure 2.12a). The electrochemical test indicated that Pt/Ni(OH)2 exhibited much
improved HER performance (Figure 2.12.b). The enhancement of the HER performance
of Pt/Ni(OH)2 could be acscribed to the presence of the Ni LDH, which accelerated the
water dissociation process by the simultaneous interaction of O atoms with Ni(OH)2.
Thus, with the promoted dissociation of H2O by Ni LDH, the resultant H intermediates
were then adsorbed on Pt surfaces and recombined into H2 (Figure 2.12.c). Apart from
Pt, it was found that the LDHs could be effective promotors for different kinds of
electrocatalysts such as metal chalcogenides and metal nitrides in basic environments108.
The present studies have confirmed that LDHs could exhibit good OER
performance, which has been viewed as a promising alternative to commercial RuO2103,
109, 110

. The evidence shows that the catalytic performance can be further enhanced by

single atom modification11, 12, 111, 112. For instance, Zhang et al. reported an electrocatalyst
with single-atom Au anchored on NiFe LDH, which exhibited 6 times improvement of
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OER activity due to the presence of only 0.4 wt% Au113. In another case, Ma et al.
fabricated single W atoms incorporated α-Ni LDH SACs for the OER, where the W atoms
occupied the Wyckoff sites of Ni in α-Ni LDH. The atomically distributed W atoms were
clearly indicated by HAADF-STEM (Figure 2.12d). When tested in 1 M KOH, the W/Ni
LDH delivered 80 mA cm-2 with a small overpotential (267 mV) and a low Tafel slope
(33 mV dec-1) (Figure 2.12e and f). The DFT calculations demonstrated that the lower
spin stated single the W atoms facilitate for stabilizing the formation of O-O bonding
formation and reduce the energy barriers for the rate-determining step for the OER. Song
and co-workers synthesized a well-dispersed Ir-doped Co LDH catalyst by a simple onestep method. The obtained Ir/Co LDH showed a small overpotential of 373 mV to reach
10 mA cm-2 in 1 M phosphate-buffered saline (PBS) solution, surpassing that of the
benchmark IrO2 (Figure 2.12g). The X-ray absorption near-edge spectroscopy (XANES)
spectra analysis suggested that the enhanced OER activity derived from the formation of
Co oxyhydroxide and under-coordinated oxidized Ir species during the OER process.

Figure 2.12. (a) STM image and CV curves of the Ni(OH)2/Pt-islands/Pt(111) surface. (b)
HER activity of various samples. (c) Schematic diagram of the HER process on the
Ni(OH)2/Pt electrode surface. Reproduced with permission10, Copyright © 2011,
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American Association for the Advancement of Science. (d) HAADF-STEM image of W
doped Ni(OH)2 sample. (e) LSV curves and (f) Tafel plots for Ni(OH)2-r, w-Ni(OH)2-e,
and w-Ni(OH)2 samples. Reproduced with permission11, Copyright © 2019, Springer
Nature. (g) LSV curves of CoIr-x and IrO2 samples in 1M PBS. Reproduced with
permission12. Copyright © 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

2.3.5 Metal chalcogenides
Metal chalcogenides are one class of the most important materials for energy
storage and conversion due to their intriguing structural and electronic properties, which
have been widely applied in various catalytic reactions and alkaline metal-ion batteries,
such as water electrocatalysis114-117, CO oxidation118, CO2 reduction119, 120, lithium-ion
batteries, and sodium ion batteries121, 122. 2D transition-metal chalcogenides show great
potential for achieving high activity and low-cost electrocatalysts due to their tuneable
multi-crystal structures.
MoS2, as one of the most representative materials for metal chalcogenides, has
been widely exploited in energy storage and conversion, especially for the HER114, 116, 120,
123, 124

. Since the edge sites of MoS2 are more active than the basal plane, studies have

been focused on the ratio of edge to the basal plane via different chemical or physical
regulation strategies. There are several effective strategies, including defect, phase
transition, and heterostructure engineering, which have been widely used to tune HER
performance125. For instance, edge sites can be introduced by creating defects in the basal
plane of MoS2. The created defects such as S vacancies could also induce the change of
density of states, then further optimizing the free energy of hydrogen intermediates.
Nørskov et al. established the relationship between ΔGH* and the content of S vacancies
and strains, and therefore, the optimal ΔGH* can be achieved by adjusting these two
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parameters13. Through studying the electronic structure of defect-rich MoS2, they further
discovered that the presence of S defects could induce a new band near the Fermi level.
Moreover, the position of this new band could be moved near to the Fermi level via tuning
the concentration of S defects and the tensile strain (Figure 2.13a-c). This was in good
agreement with the experimental results (Figure 2.13d).
Heteroatom doping is another commonly used strategy to tune the electronic
structure and enhance HER activity. Currently, a series of noble metals (Pt, Pd, Ru), nonnoble metals (Co, Ni, Zn ), and nonmetals (B, N, P) have been incorporated into MoS2 to
enhance its HER performance. For instance, Feng et al. reported strategies for engineering
water dissociation sites to enhance the sluggish HER kinetics of MoS2 via Ni doping. The
DFT calculations indicated that the introduction of Ni could be conducive to water
dissociation and desorption of the thus formed OH-. The Ni-doped MoS2 exhibited
superior catalytic activity and stability. In another case, Bao and co-workers first revealed
the triggering mechanism of single atom incorporated 2D MoS2 for the HER in 2015126.
They found that doping with individual Pt atoms could facilitate activation of the HER
activity of in-plane S atoms in the MoS2. The enhanced activity was derived from the
optimized ΔGH* of neighboring S atoms based on the theoretical calculations. More
importantly, they unraveled the volcano relationship between the activity and ΔGH* for a
series of single-transition-metal-atom incorporated MoS2, and also indicated that the
activity difference was closely related to the amount of under-coordinated S sites.
Interestingly, another work reported by Warner et al. indicated that Pt could also occupy
S sites of on the basal plane and that the triggering mechanism of single Pt dopants and
their effect on the catalytic activity of MoS2 were revealed in detail thorough DFT
calculations127. Similarly, It was found that other transition metal atoms, such as Co, Ni,
Pd, and Ru, could also be deployed to trigger the activation of HER activity on the basal
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plane or edge sites of MoS2128-130. Besides the single metal atoms, trace non-metal atoms
such as N and P also could contribute to the activation of HER activity on the basal plane
of MoS2115, 117.

Figure 2.13. (a) Schematic illustation of strained S-vacancies on the basal plane. (b) Free
energy versus the reaction coordinates of the HER for the S vacancy range of 0-25%. (c)
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ΔGH versus %x-strain for various %S-vacancy, ranging from 0.0% (pristine) to 18.75%.
(d) LSV curves for various samples. Reproduced with permission13, Copyright © 2015,
Springer Nature. (e) The results of the DFT calculations and the corresponding
mechanisms of the electrocatalytic HER on the surfaces of different catalysts under
alkaline conditions. Reproduced with permission14, Copyright © 2016, The Royal Society
of Chemistry.

Apart from MoS2, other metal chalcogenides, such as MoSe2, WS2, Co0.85Se, and
Co9S8, were also developed towards superior HER performance131, 132. Also, Fe-, Co-, Ni-,
and Ni-based transition metal dichalcogenides (TMDs) and binary TMDs such as Fe-Ni
sulfides and Co-Mo sulfides, were exploited for the HER.

2.3.6 Metal carbides
After the discovery of the somewhat similar Pt-like catalytic property of WC,
metal carbides have attracted considerable attention in the catalytic area due to its unique
character of their d-band electronic density of states133,

134

. Their noble-metal-like

electronic property endows metal carbides with superior HER performance. For example,
molybdenum carbides have been intensively investigated as non-noble-metal-based
electrocatalysts, which exhibit excellent activity and stability toward the HER135, 136. It
was found that HER activity is also closely related to its crystal phase. Leonard et al.
prepared 4 kinds of molybdenum carbides (α-MoC1-χ, β-Mo2C, η-MoC, and γ-MoC) for
the HER and the results indicated that β-Mo2C exhibited the best activity among the
catalysts137. In addition, γ-MoC showed superior long-term stability in acid media.
Nanostructure engineering is another effective approach to enhance HER activity.
Although it is not easy to obtain Mo2C due to its high formation temperature, coupling
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Mo2C with carbon nanomaterials is a promising alternative approach to reduce its size.
For instance, Tang and Co-workers synthesized MoC nanoparticles coated by carbon via
the carburization of a Mo-based MOF138. The core-shell structure endowed MoC with
high activity and durability in both acidic and alkaline solutions. The usage of N-doped
carbon supports could further improve the HER performance of Mo2C. Zou’s group
reported a facile approach to obtain Mo2C@NC, consisting of molybdenum carbide
(Mo2C) nanoparticles embedded in nitrogen‐rich carbon (NC) (Figure 2.14a)15. The
Mo2C@NC exhibited good HER activity and superior stability in a universal pH range
(Figure 2.14 b and c). The DFT calculations indicated that the synergistic effects between
Mo2C and N doped C boost the HER activity.
Single atom modified metal carbides can also be versatile electrocatalysts in
various catalytic applications. Han and co-workers designed a series of carbide supported
SACs comprising individual transition metal (TM) atoms confined on TiC, which
exhibited great potential in the HER and selective ORR for H2O2139. Moreover, it should
be mentioned that MXene-type materials, as a new kind of star material, have been widely
applied in electrocatalysis due to their superior electronic conductivity and
hydrophilicity140-142. The evidence also suggests that cation defects in the MXene can be
used to capture single atoms through covalent bonding. Wang and co-workers designed a
Pt-Mo2TiC2Tx SAC system that was prepared by an electrochemical exfoliation method
16

. Rich Mo defects can be induced during the exfoliation process, which can be deployed

to trap individual Pt atoms concurrently, thereby resulting in the formation of Pt-C with
neighboring carbon atoms. As demonstrated in Figure 2.14d, Pt-Mo2TiC2Tx exhibited the
best performance among all the catalysts with an overpotential of only 30 mV to achieve
10 mA cm-2, much superior to that of Pt/C. In addition, the Pt-Mo2TiC2Tx delivered a low
Tafel slope (30 mV dec-1), high exchange current density (1.54 mA cm-2), and mass
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activity (8.3 A mg-1 at an overpotential of 77 mV), which are better than for most reported
SACs (Figure 2.14e-g). More importantly, the stability test suggested that the PtMo2TiC2Tx is a remarkably durable SAC with no degradation after 100 h of cycling,
indicating the robust bonding between individual Pt atoms and the Mo2TiC2Tx support. In
addition, specific additives also help MXene to create a good coordination environment
to anchor single atoms. He at al. reported a Ti3C2Tx supported single Ru atoms catalyst
with the assistance of N and S coordination143. The presence of N and S coordination not
only helped to enhance the acid HER performance of Ru-N-S- Ti3C2Tx, but also stabilized
the isolated Ru atoms on the Ti3C2Tx substrate to avoid migration and aggregation.

Figure 2.14. (a) Schematic illustration of the synthesis process for Mo2C@NC. (b) LSV
curves of Pt/C, N-doped carbon, com-Mo2C, and Mo2C@NC. (c) Stability test of
Mo2C@NC at an overpotential of 70 mV over 80 h of operation. Reproduced with
permission15, Copyright © 2015, WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim.
(d) HER polarization curves of carbon paper (CP), Mo2TiC2Tx, Mo2TiC2Tx–VMo,
Mo2TiC2Tx–PtSA and Pt/C (40%). (e) The Corresponding Tafel slopes derived from d. (f)
Exchange current densities of the catalysts, and (g) the mass activity of state-of-the-art
Pt/C and Mo2TiC2Tx–PtSA. Reproduced with permission16, Copyright © 2018, Springer
Nature.
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2.3.7 Nitrides
Metal nitrides have good electrical conductivity, hydrophilicity, and good
corrosion resistance which endow them with many advantages for energy-related
applications, especially in water electrocatalysis72, 133, 144, 145. Therefore, metal nitrides can
be viewed as promising alternative electrocatalysts to noble metals in the HER, OER, and
ORR due to their similar electronic structure19,

125

. Although there has been far less

investigation of metal nitrides than other electrocatalysts, the reported works have already
confirmed the metallic property of Ni3N, FeNi3N, and Co4N by DFT calculations and the
excellent HER performance of Ni3N has been validated experimentally. Ding et al.
prepared Ni3N sheets by a wet chemical method towards superior HER activity146. The
electrochemical tests indicated that the Ni3N sheets could exhibit a low overpotential of
100 mV at 100 mA cm-2, a small Tafel slope (29.79 mV dec-1) and excellent stability. The
enhanced HER activity can be ascribed to near the zero ΔGH* (0.065 eV) of Ni3N, as
indicated by the DFT calculations.
To date, nickel nitrides and cobalt nitrides are the most studied nitrides, which can
be applied for both the OER and the HER. For example, Xie at al. synthesized Ni3N
nanosheets towards superior OER activity17. The theoretical observations demonstrated
that the carrier concentration and the electrical conductivity could be enhanced by
reducing the thickness of Ni3N from bulk to nanosheets, which was conducive to
enhancing the OER performance (Figure 2.15 a). This was well identical with the
electrochemical test result, where the Ni3N exhibited a low overpotential and Tafel slope
(Figure 2.15 b and c). Chen et al. prepared a series of cobalt nitrides (Co2N, Co3N and
Co4N) and found that Co4N showed the best OER activity with a lower Tafel slope and
good stability (Figure 2.15. d-f)18. Binary metal nitrides have attracted great attention
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toward water splitting. FeNi3N has emerged as a promising electrocatalyst owing to its
favorable kinetics and low cost. Jia and co-workers prepared the FeNi3N by a facile
annealing process, in which the NiFe hydroxide precursor was treated in NH3
atomosphere147. The obtained FeNi3N exhibited excellent performance both in the OER
and HER. Similar observations have also reported by Tang group148.
Recently, it was found that metal nitrides can also be effective ORR catalysts72.
For example, Yang and coworkers reported a zirconium nitride catalyst towards ORR in
alkaline media. The obtained ZrN showed high ORR activity, similar to commercial Pt/C.
Moreover, ZrN exhibited higher stability than Pt/C after 1000 cycles (Figure 2.15g). DFT
calculations demonstrated that the Zr-terminated (111) surface of ZrN has an oxygen
adsorption energy that is close to that of the Pt (111). The electron localization function
(ELF) diagram exhibited high electron localization at a small Zr–O cluster on the surface
oxide (Figure 2.15h and i). The authors believed that these may offer abundant active sites
for the ORR.
In addition, non-metal nitrides such as boron nitride (BN) could also be applied
in catalysis when hybridized with noble metals149-151.

2.3.8 Metal-organic frameworks
As a new class of microporous materials, metal-organic frameworks (MOFs) have
attracted extensive scientific attention due to their high specific surface area and abundant
pore volumes66,

152, 153

. This has made them versatile platforms for photocatalysis,

electrocatalysis, batteries, supercapacitors and CO2 reduction20, 154-156. It should be noted
that the morphology of MOFs has a close relationship with the synthetic approach, which
further affects their applications.
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Due to their unique characteristic, MOFs have been considered as promising
candidates as catalysts towards water electrocatalysis154, 157. Also, MOFs could bridge the

Figure 2.15 (a) Calculated density of states (DOS) for bulk Ni3N and Ni3N sheet. (b) The
normalized LSV curves of Ni3N nanosheets, bulk Ni3N, and NiO nanosheets by the
specific surface area measured via BET. (c) Corresponding Tafel plots of Ni3N
nanosheets, bulk Ni3N and NiO nanosheets. Reproduced with permission17, Copyright ©
2015, American Chemical Society. (d) LSV curves and (e) Tafel slopes of Co2N, Co3N,
and Co4N. (f) Stability test of Co2N, Co3N and Co4N. Reproduced with permission18,
Copyright © 2016, the Partner Organisations. (g) Polarization curves before (solid curves)
and after (dashed curves) the accelerated durability tests, with chronoamperometric
responses at a constant potential (inset). The ELF of the clean (h) and oxide-adsorbed (i)
surfaces. Reproduced with permission19, Copyright © 2019, Springer Nature.
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Figure 2.16. (a) Schematic illustration of the preparation of CUMSs-ZIF-67. (b) HAADF
image of CUMSs-ZIF-67, where CUMSs = coordinatively unsaturated metal sites. (c)
LSV polarization curves of the ZIF-67 and CUMSs-ZIF-67 electrocatalysts in O2saturated 0.5 M KBi aqueous solution. Reproduced with permission20, Copyright © 2017
Elsevier Ltd. (d) Schematic illustration of the synthesis of 2D MOF@Pt. (e) TEM image
of 2D MOF@Pt hybrid nanosheet. (f) Polarization curves and (g) corresponding Tafel
slopes of 2D MOF@Pt (20 wt % Pt), Ni-MOF-Pt, Ni-MOF nanosheets, Pt NPs, and
commercial 10% Pt/C in 0.5 M H2SO4 solution. Reproduced with permission21, Copyright
© 2019, American Chemical Society.

the gap between homogeneous and heterogeneous catalysis, providing new insights into
tuning the selectivity and activity of catalysts. Nanosized MOFs have highly accessible
active centers and highly crystalline structures, which endows them with good corrosion
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resistance even under harsh environment. To date, considerable MOFs have been
designed and applied in the OER and ORR156, 158. Tang prepared ultrathin NiCo bimetal–
organic frameworks towards alkaline OER. The obtained NiCo-MOFs exhibited a lower
overpotential of 250 mV to reach a current density of 10 mA cm-2. The abundant
uncoordinated active centers and the synergistic effects between Ni and Co were ascribed
to the reasons for the substantially enhanced OER activity. In another work, Wang et al.
prepared atomic-scale CoOx species in zeolitic imidazolate framework-67 (ZIF 67) via
O2 plasma treatment159. The atomic-scale CoOx species were formed in situ, and the
original abundant pores in the ZIF-67 remained at the same time, which could
significantly boost the electron and mass transport. As expected, the CoOx/ZIF exhibited
outstanding OER activity with a low overpotential (318 mV at 10 mA cm-2) and a small
Tafel slope (70.8 mV dec-1) in 1M KOH solution, outperforming pristine ZIF and IrO2.
Shortly afterward, they applied a dielectric barrier discharge (DBD) plasma to treat the
ZIF, and coordinatively unsaturated Co active sites with atomic-level dispersion were
created20. As illustrated in Figure 2.16a, an under-coordinated ZIF was generated after
DBD irradiation, and the HAADF-STEM images confirmed the atomically dispersed Co
sites after irradiation (Figure 2.16b). The under-coordinated ZIF exhibited better OER
performance than that of pristine ZIF with lower overpotential and smaller Tafel slope in
both neutral and alkaline media (Figure 2.16c).
Unlike their wide application in the OER and ORR, there are very limited reports
on MOFs towards HER, and these reported MOFs showed unsatisfactory HER activities.
Heterostructure engineering could be an effective strategy to boost the HER activity of
MOFs160. Qiao et al. engineered 2D metal–organic framework/MoS2 interface to improve
the HER activity via a facile sonication‐assisted solution strategy161. Recently, Rui et al.
constructed a Pt/2D Ni MOF heterostructure via a facile wet chemical approach (Figure
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2.16d)21. As demonstrated in Figure 2.16e, the Pt nanoparticles (NPs) were evenly
confined on the Ni-MOFs. The XPS and XAS results indicated the strong metal-support
interaction between the Pt and Ni MOFs. The 2D MOF@Pt exhibited excellent HER
activity in 0.5 M H2SO4 solution, with a small overpotential (43 mV at 10 mA cm-2) and
a lower Tafel slope (30 mV dec-1), lower than Ni MOFs and 10% Pt/C.

2.4 Electronic structure engineering for electrocatalysts
Developing an electrocatalyst with highly active, durable, selective, and low cost
is one of the ultimate aims of electrocatalysis. To achieve this, considerable efforts have
been devoted to developing low noble-metal, non-noble metal, and even non-metal
catalysts. Various morphologies like quantum dots, nanowires, and architectures such as
core-shell structures and hollow structures have been precisely designed to enhance the
catalytic performance of electrocatalysts70, 71, 162-164. In addition, the single-atom catalysts
have also been raised to reduce the usage of noble metal and increase the energy transfer
efficiency60, 67, 165, 166. Besides, other engineering strategies such as strain engineering,
defect engineering, coordination engineering, and heterostructure engineering have been
exploited to design novel catalysts8,

167-176

. All these approaches would give rise to

changes in the electronic properties such as the electron distribution and electrical
conductivity of catalysts.
Therefore, establishing a well-defined relationship between the electronic
structure and the catalytic performance is of great significance to understand the
underlying catalytic mechanisms. Yang’s group established an eg filling descriptor where
the optimal eg occupancy value was close to 1 to achieve the best ORR (OER)
performance for perovskite oxides. As indicated in Figure 2.17, the specific ORR and
OER activities of perovskite oxides show a volcano shape as a function of the eg filling
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of surface B-site cations23, 177. Later, they proposed that metal-oxygen covalency also has
a close relationship with the catalytic activity of perovskite oxides22. Besides, the spin
ordering and density of states of catalysts have also been exploited to find principles for
designing catalysts.178-183. In this doctoral work, we focus on four electronic engineering
strategies, including heterostructure engineering, phase engineering, strain engineering,
and defect engineering, which have been commonly deployed to tune the electronic
structure of catalysts to achieve the optimal adsorption energy for the intermediates
(Figure 2.8).

−2
Figure 2.17. (a) Potentials at 25 𝑚𝐴 𝑐𝑚0𝑥
as a function of the eg orbital in perovskite-

based oxides. Data symbols vary with type of B ion, where x=0 and 0.5 for Cr, and 0,
0.25, and 0.5 for Fe. Error bars represent standard deviations. Reproduced with
permission22, Copyright © 2011, Springer Nature. (b) The relation between the OER
−2
catalytic activity, defined by the overpotentials at 50 𝑚𝐴 𝑐𝑚0𝑥
of the OER current, and

the occupancy of the eg-symmetry electron of the transition metal (B in ABO3).
Reproduced with permission23, Copyright © 2011, American Association for the
Advancement of Science.

2.4.1 Defect engineering
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Defect engineering is one of the most effective approaches for tuning the
physicochemical properties, which has been widely used in the materials science field175,
184-187

. In the catalytic area, the defects can be created to enhance the exposure of active

centers and to modulate the ability to bind to the reaction intermediates8, 86, 170, 172, 173, 188.
Intrinsic defects (e.g., edge, lattice defects, cation vacancy, and anionic vacancy) and
heteroatoms are two of the most common defect types for materials. For example,
heteroatom doping such as O, N, S, and P is intensively used in carbon-based materials
to alter the local electronic structure and improve the catalytic performance50, 189-195. In
addition, creating cationic and anionic defects to accelerate the catalytic kinetics are
among the most effective tools, which have been widely used in metal composites,
especially for metal oxide and metal chalcogenides. For instance, Zhang and co-workers
synthesized ultrathin feroxyhyte nanosheets with rich iron vacancies by a facile wet
chemical approach105. The obtained defective feroxyhyte nanosheets exhibited superior
HER and OER performance with an overpotential of 108 mV for the HER and 265 mV
for the OER at a current density of 10 mA cm-2. In another case, Peng et al. developed an
“adsorption-calcination-reduction” approach to prepare necklace-like multishelled
hollow spinel oxides with abundant oxygen vacancies196. The obtained catalyst showed
high electrocatalytic activity for both the HER and OER in a basic environment. The DFT
calculations suggested that the presence of oxygen vacancies in spinel oxides was
conducive to reducing the energy barrier and optimizing the adsorption energy of oxygen
intermediates species. Also, creating S vacancies and Mo vacancies to modulate the
electronic structure of MoS2 has been regarded as an efficient strategy to boost the HER
activity, and therefore, has been intensively reported in the literature14, 125.
Defects on the support also play an important role in SACs which can alter the
local electronic structure and coordination geometry, leading to the occurrence of
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vacancies and under-coordinated sites. The resultant vacancies and under-coordinated
sites could act as binding sites to capture and stabilize the atomically dispersed metal
atoms. It is well-known that defective carbon-based materials have turned out to be
effective host materials to anchor single metal atoms, and such SACs could serve as
versatile catalysts towards various applications, such as electrocatalysis, photocatalysis,
and thermocatalysis. Intrinsic defects (e.g., edge, and lattice defects) and heteroatoms
(e.g., O, N, and S) are two of the main types of defects for carbon-based substrates, which
can effectively trap the isolated metal atoms compared to perfect substrates due to their
locally modified electronic structure and coordination envirmonments184, 197, 198-201,202,155,
203

. For example, Huang and co-workers recently reported a series of atomically dispersed

metal atoms (e. g., Fe, Co, Ni) anchored in the N-doped graphene SACs for the OER. The
HAADF-STEM images directly indicated the coordination configurations with MN4C4
moieties, which is well consistent with the results of the XANES and EXAFS. DFT
calculations further showed that NiN4C4 is the most active for oxygen evolution and that
there is a close relationship between the catalytic activity and the metal species. The
resultant vacancies and under-coordinated sites could act as binding sites to capture and
stabilize the atomically dispersed metal atoms. It is well-known that defective carbonbased materials have turned out to be effective host materials to anchor single metal atoms,
and the thus-formed SACs could serve as versatile catalysts towards various applications,
such as electrocatalysis and photocatalysis.

2.4.2 Phase transition engineering
It is well-known that the electronic structure of a catalyst is tightly correlated with
its phase, as different phases might possess different atomic configurations, coordination
environments and electrical conductivity. Transforming the catalyst to a phase with
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higher conductivity and surface activity is of great significance for boosting the catalytic
performance. Consequently, phase engineering can be an indispensable part of materials
engineering and science.
In the catalytic field, the phase transition of MoS2 from 2H phase to 1T phase,
with a consequent boost to its HER activity, has been extensively studied. To date, many
strategies, such as exfoliation, mechanical deformation, electron beam irradiation, heattreatments, and epitaxial growth, have been developed to induce the phase transformation
from 2H-MoS2 to 1T-MoS2. It is recognized that the phase transition from 2H-MoS2 to
1T- MoS2 can be induced by the insertion of hot electrons. The theoretical calculations
indicated that the bandgap would disappear, and the MoS6 unit would change from a triprism to an octahedron when the phase transferred from 2H to 1T. As a result, achieving
a new phase with improved electronic conductivity and an optimized coordination
geometry environment is a feasible way to boost the reaction kinetics and reduce the
energy barrier.
Interestingly, it worth noting that single metal atom doping could induce the
structural evolution of MoS2 from 2H to 1T24, 204. Xing and co-workers found that single
Pd atoms occupying Mo sites could concurrently induce the formation of S vacancies and
cause a phase transformation of MoS2 from 2H to 1T when they synthesized Pd/MoS2
SACs through a spontaneous interfacial redox method. It was supposed that the
introduction of Pd2+ would cause the oxidation of Mo3+, resulting in the formation of Mo4+,
metallic Pd, and Mo defects. However, the resultant Pd embedded in the Mo vacancy and
coordinated with S, thereby resulting in the dissolution of S, and the reduction of Co4+
and the structural evolution of MoS2 (Figure 2.18a). The phase transformation was
confirmed by the HAADF-STEM image, where distinguishable trigonal lattice structure
(1T) and honeycomb structure (2H) are obviously displayed (Figure 2.18b). When tested
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in 0.5 M H2SO4 solution, the 1% Pd-MoS2 SACs showed an overpotential of 89 mV to
achieve 10 mA cm-2, which was supposed to be the best among the reported pure-phase
MoS2-based electrocatalysts in the published literature (Figure 2.18c). Also, the 1% PdMoS2 SACs exhibited a low Tafel slope (80mV dec-1) and remarkable long-life stability
with a negligible increase of only 14 mV after 100 h of operation. The mechanism for the
enhancement of HER activity after Pd substitution was further revealed by DFT
calculations. The results indicated the Pd substitution for Mo is more favorable than for
S, and the generation of S vacancy is thermodynamically favorable with the introduction
of Pd. Moreover, the free energy of 1T-PdMoS2 S atop sites exhibited an optimal
thermoneutral value (-0.02 eV), facilitating substantial improvement of the HER
performance of MoS2 (Figure 2.18d and e). Recently, Liu and co-workers also revealed
that single Co atoms could trigger the occurrence of phase transformation of MoS2. They
synthesized single Co atom arrays covalently bound onto distorted 1T MoS2 using
sonication assembly and electrochemical leaching methods (Figure 2.18f). The structural
evolution of MoS2 from 2H to 1T was convincingly verified by the HAADF-STEM
images and simulated STEM images, where distinct 2H and 1T phases can be
unambiguously discriminated (Figure 2.18g-j). Also, the anchoring sites of single Co
atoms, determined by atomic structural analysis, were supposed to lie on top of Mo sites
and be covalently bonded to the S atoms, which was further confirmed by the simulated
Co K-edge XAENS spectra of Co/1T MoS2 (Figure 2.18j). The electrochemical
measurements indicated that Co-1T MoS2 SACs exhibited Pt-like HER activity with low
overpotential and a small Tafel slope, and showed excellent long-term durability (Figure
2.18k). The authors ascribed its superior HER activity to an ensemble effect originating
from the individual Co atoms and S atoms of the distorted 1T MoS2.
Other catalysts, such as IrO2, and CoSe2, could also achieve enhanced catalytic
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activity via precise phase tuning engineering to accelerate their overall electrontransporting kinetics205, 206.
2.4.3 Strain engineering
Strain engineering has recently attracted considerable attention as it could hugely alter
the electronic structure of a catalyst162,

207-213

. Lattice strain, including tensile and

compressive strain, could be introduced into the catalyst through heteroatom doping,
cationic or anionic vacancy engineering, or alloying strategies. For Pt-based noble metals,

Figure 2.18. (a) Schematic diagram of the concurrent MoS2/Pd (II) redox reaction. (b)
Dark-field scanning transmission electron microscope image of the 1%Pd-MoS2. Blue
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and yellow balls denote Mo and S atoms, respectively. Scale bar: 1nm. (c) Polarization
curves of MoS2, 1%Pd- MoS2, 1%Pd-C and 20%Pt-C. (d) Adsorption site for a single H
atom absorbed on top site of 1T-Pd–MoS2 S. (e) Free energy diagram of 2H and 1T MoS2
on different active sites. Reproduced with permission24. Copyright © 2018, Springer
Nature. (f) Schematic illustration of the synthesis process for SA Co-D 1T MoS2. (g)
HAADF-STEM image of SA Co-D 1T MoS2. (h) Enlarged HAADF-STEM image of the
red square area of (g) (scale bar: 2 Å). (i) Theoretical model and (j) simulated STEM
image using QSTEM simulation software (scale bar: 2 Å). (k) Co K-edge XANES
spectrum of SA Co-D 1T MoS2 and fitted curve, with different views of the structure in
the insets. (l) Polarization curves of SA Co-D 1T MoS2. Reproduced with permission25.
Copyright © 2019, Springer Nature.

nanostructuring strategy can be a viable way to generate strain through increased surface
defects such as edges and terraces. Li et al. prepared ultrafine jagged Pt nanowires (JPtNW) to catalyze the oxygen reduction reaction26. The obtained J-PtNW exhibited
remarkable ORR performance with super-high specific activity (11.5 mA cm-2 at 0.9 V)
and mass activity (13.6 A mgPt-1). The theoretical fitting indicated that the stressed and
undercoordinated jagged nanowires are beneficial for lowering the reaction barrier of the
rate-determining steps for the ORR, and thereby substantially increasing the ORR
performance (Figure 2.19 a-c).
Moreover, it was found that there is a close relationship between the strain and the
d band center in transition metals. For early transition metals with a less than half-filled
d band, the tensile strain could result in a negative shift of the d band center and thereby
reduce the interaction with adsorbates27 (Figure 2.19 d).
Compared to the inherent strain induced by the heteroatoms and defects, the strain
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caused by heterostructure might be more viable due to the easily controlled and operated
substrates. For example, Chen et al. prepared a large-scale three-dimensional (3D) MoS2
monolayer on nanoporous Au via the chemical vapor deposition (CVD) approach214. The
obtained MoS2@NPG showed a superior HER performance with a low Tafel slope (46
mV dec-1) and a small onset potential. They observed that the lattice strain between MoS2
and the Au support could be deployed to tune the charge density distribution, which was
conducive to the migration of Mo and S atoms, and thus optimizing the ΔGH*. In another
case, Wang and co-workers reported an approach using LiCoO2 to regulate the lattice
strain of Pt and further tailor its ORR performance28. The lattice strain of Pt, including
tensile and compressive strain, was precisely controlled by a facile charge/discharge
process. When charged, a tensile strain was induced by the expansion of the layer spacing
of LiCoO2 due to the extraction of Li, and the compressive strain was introduced by
discharge (Figure 2.19e and f). The lattice tension and compression of Pt NPs were
observed by high-resolution TEAM. The compressive strain or tensile strain could cause
an improvement or decrease in the ORR performance of Pt, which was well agreement
with the DFT calculations (Figure 2.19g-j). The presence of tension could promote the
stronger binding to the adsorbed intermediates, and compressive strain could lower the
OH* binding to facilitate the desorption of water. Conclusively, the Pt NPs with
compressive strain exhibited higher ORR activity than without strain or with tensile strain.

2.4.4 Heterostructure engineering
Heterostructures have gained great attention in recent years owing to their unique
physicochemical properties167. Establishing a heterostructured catalyst is a good way to
increase the number of active centers and boost the electrical conductivity. Moreover, the
formation of heterostructures could modify the electronic structure of a catalyst, which
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largely determines the adsorption kinetics. Most heterostructured catalysts consist of
active semiconducting materials and a conductive support215-217. The interaction between
them could lead to charge migration and energy band distortion. Nevertheless, only those
heterostructured catalysts with matched electronic affinities and Fermi levels could
potentially efficient

catalysts.

For

example, Yao and

co-workers prepared

heterostructures composed of defect-rich graphene and NiFe-LDH218. It was found that
the charge would be redistributed after the formation of the heterostructure, especially
around the defects. The enhanced electron density on defective graphene boosted the HER
activity, and the high hole density on NiFe-LDH increased the OER activity.

Figure 2.19. (a) Illustration of the structure of J-PtNW from theoretical simulations. (b)
J-PtNW with colored atoms to show the five-folds index. (c) J-PtNW with coloured atoms
to indicate atomic stress (in atm.nm3). Reproduced with permission26, Copyright © 2016,
American Association for the Advancement of Science. (d) Illustration of the effect of
tensile strain or reduced coordination on the width and position of the d band of an early
transition metal. Reproduced with permission27, Copyright © 2010, The American
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Physical Society. Schematic illustration of the lattice constant change of the LiCoO2
support and how the lattice tension (e) and compression (f) are introduced to the Pt NPs.
(g) The change in adsorption energy for O*, OH*, and OOH* intermediates as well as the
modification of overpotential as functions of uniaxial strain. (h) Free energy diagram for
the ORR at 0.76 V versus reversible hydrogen electrode (RHE), where all the steps for
the -5% strained Pt(111) are exergonic. (i) Illustration of the limiting potential “volcano”
as a function of the change in ΔGOH. (j) Comparison between the experimental half-wave
potential and the change in theoretical overpotential due to strain. Reproduced with
permission28. Copyright © 2016, American Association for the Advancement of Science.

Benefiting from the synergetic effects between the different components in the
heterostructures, the electronic properties, including electrical conductivity and electron
density, could be tuned to enhance the catalytic activity. Yu et al. constructed a
Mn3O4/CoSe2 hybrid by a facile solvothermal approach219. Due to the coupling effects,
the Mn3O4/CoSe2 heterostructure exhibited excellent OER activity with a lower
overpotential and a small Tafel slope. Similarly, Feng et al. reported a novel MoS2/Ni3S2
heterostructure towards superior electrochemical overall water splitting220. The
MoS2/Ni3S2 showed both good HER and OER activity due to the presence of abundant
interfaces. The DFT calculations suggested that constructed interfaces were beneficial for
optimizing the adsorption energy for hydrogen- and oxygen-involved intermediates,
thereby enhancing the catalytic kinetic process.
Enhancing the conductivity of a catalyst is conducive to accelerating the electron
transportation in the catalyst. Thus, some conductive materials such as carbon-based
materials and metals are preferentially selected for the substructure when constructing a
heterostructure. For instance, Li et al. reported graphdiyne-exfoliated and sandwich-
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structured FeCo-LDH arrays anchored on Ni foam towards electrochemical overall water
splitting221. Both DFT calculations and experimental observations unraveled that the rapid
charge transportation kinetics of the heterostructure contributed to its superior catalytic
performance. In addition, the graphdiyne could increase the number of active centers and
enhance the corrosion resistance, which would considerably enhance the catalytic activity
and stability.
2.5 Conclusions
Electrochemical water electrolysis plays a vital role in green, carbon-free, and
sustainable energy storage and conversion systems. Herein, we have systematically
reviewed the recent progress on electrocatalysts. The evolution process and typical
activity descriptors are introduced first, and then the fundamentals of the HER, OER, and
ORR are introduced. Subsequently, the progress of eight most common heterogeneous
electrocatalysts, including carbonaceous materials, metals (alloys), metal oxides, metal
hydroxides, metal chalcogenides, metal carbides, nitrides, and metal-organic frameworks,
is reviewed. In the last part, four electronic structural engineering strategies, which are
defect, phase transition, strain, and heterostructure engineering, are introduced to enhance
the catalytic performance of electrocatalysts. Also, the enhancement mechanism for every
engineering strategy has been proposed. Considering the critical role of electronic
structure engineering in boosting the catalytic activity, it is clear that electronic structure
engineering could be a promising strategy to tailor electrocatalysts and endow them with
high activity, selectivity, and durability.
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Chapter 3
Experimental procedure
3.1 Experimental design solution
A typical

experimental

design solution,

including

materials

synthesis,

characterizations, electrochemical tests, and mechanism studies, is indicated in Figure 3.1.
In this thesis, synthesis methods are mainly involved in the solid-state method, wet

Figure 3.1. The flow chat of general experimental procedures
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chemical method and mechanical exfoliation. The obtained catalyst is characterized by
some advanced characterization tools, such as XRD, TEM, XAS, to obtain phase,
structure, and electronic properties. Sequentially, the catalytic activity and durability of
electrocatalysts are evaluated in detail. Finally, the relationship of structure-activity is
established and the possible underlying catalytic mechanisms are unrevealed.

3.2 Chemicals and Materials
The required chemicals in this thesis are listed in Table 3.1. All the chemicals are
used directly without any further treatment.
Table 3.1. Required chemicals in this doctoral work.
Formula/
Chemicals

abbreviation

Purity (%)

Supplier

Ethanol

C2H5OH/ EtOH

96

Chem-Supply Pty. Ltd.

Ethylene glycol

C2H6O2/ EG

99.8

Sigma-Aldrich

Chloroplatinic acid hexahydrate

H2PtCl6 ·6H2O

ACS reagent

Sigma-Aldrich

Cobalt(II, Ⅲ) oxide

Co3O4

99.5

Sigma-Aldrich

Lithium carbonate

Li2CO3

99

Sigma-Aldrich

Magnesium oxide

MgO

99

Sigma-Aldrich

Lithium cobalt (Ⅲ) oxide

LiCoO2

99.8

Sigma-Aldrich

platinum on graphitized carbon
20% Pt/C

Sigma-Aldrich

(20 wt.% loading)
Potassium hydroxide

KOH

85

Chem-Supply Pty. Ltd.

Sulfuric acid

H2SO4

98

Sigma-Aldrich

Nafion® 117 solution

Sigma-Aldrich

Iridium (Ⅳ) oxide

IrO2

99.9

Sigma-Aldrich

Ruthenium (Ⅳ) oxide

RuO2

99.9

Sigma-Aldrich

3.3 Materials synthesis
In this thesis, the targeted electrocatalysts are mainly synthesized by solid-state
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method, wet chemical method, and mechanical exfoliation method. For the solid-state
method, the precursors were mixed and ground by ball milling, followed by a calcination
process. For the wet-chemical method, required reactants were first dispersed in ethylene
glycol (EG) and then the Pt precursor was reduced to Pt NPs in the solutions. The
mechanical exfoliation process was conducted via a high shear laboratory mixer (L5M)
in ethanol solution.

3.4 Characterization Techniques
3.4.1 XRD
X-ray diffraction (XRD) is one of the most common techniques in the lab and has
been widely applied to obtain the crystal structure information of materials. In this
doctoral work, the XRD was performed on a GBC MMA X-ray diffractometer with CuKα
radiation at a scan rate of 3 °min−1 (Scientific Equipment LLC, Hampshire, IL, USA, λ
= 1.541 Å, 25 mA, 40 kV) in AIIM, UOW. The data were collected in the 2θ range of
10°-70°.

3.4.2 XPS
X-ray photoelectron spectroscopy (XPS) has been viewed as an efficient tool to
identify the surface component and the elemental valence state of materials. In the
electrocatalysis science, XPS plays a critical role in identifying the electronic interaction
in electrocatalysts, which has been regarded as an important factor to affect the catalytic
activity. In this doctoral work, XPS was conducted using a SPECS PHOIBOS 100
Analyser installed in a high-vacuum chamber (below 10–8 mbar) and X-ray excitation was
provided by Al Kα radiation with photon energy hν = 1486.6eV at the high voltage of 12
kV and power of 144 W. The pass energies and step width are 20eV and 0.05 eV for high-
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resolution spectra, and 60eV and 0.5 eV for the broad survey scan. The take-off angle
for the acquired spectra in the measurement is 90 degrees to the surface. Also, no flood
gun was used in the measurement. The calibration of the binding energy scale was
performed according to the international standard ISO 15472, which relies on the
measurements of the binding energies of Au 4f7/2, Cu 2p3/2, and Ag 3d5/2 core-level peaks
from sputter-cleaned metal foils. The detailed procedure for binding energy scale
correction was conducted according to the SPECS user manual (SpecsLab2 –Data
Acquisition Software, version 3.5). In addition, the energy calibration was achieved by
referring to the C1s binding energy of contamination carbon at 284.8 eV. Analysis of the
XPS data was carried out by using the commercial CasaXPS software package.

3.4.3 Raman Spectroscopy
Raman spectroscopy is a spectroscopic technique based on inelastic scattering of
monochromatic light, usually from a laser source. It could offer detailed information
about chemical structure, phase, and molecular interactions. In this thesis, Raman
spectroscopy was acquired on a JY HR800 spectrometer equipped with a 633 nm laser as
the excitation source at AIIM, UOW.

3.4.4 SEM
Scanning electron microscope (SEM) is widely used to identify the morphology of
materials. In this doctoral work, the morphology of a catalyst was characterized by a
JEOL JSM-7500FA field-emission scanning electron microscope (FESEM) at an
accelerating voltage of 5 kV in the EMC, UOW.

3.4.5 TEM/STEM
Transmission electron microscopy (TEM) is another powerful technique for
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morphology characterization, in which an electron beam is transmitted through the
sample to form an image. TEM can be also deployed to obtain crystal and electronic
information with the aid of accessories. In this thesis, TEM was conducted via JEM-2010
microscopy operating at a working voltage of 200 kV.
Scanning transmission electron microscopy (STEM) with sub-Angstrom beam
makes the direct seeing of an atom coming true, especially for those materials with
elements existing huge difference in the atomic number. Therefore, HAADF-STEM has
been widely applied to identify the atomic arrangement of catalysts. More importantly,
the local coordination environment can be also directly distinguished by the HAADFSTEM image, which could provide extremely important information for the theoretical
model for DFT calculations. Herein, the annular bright-field (ABF), high-angle annular
dark-field (HAADF) images, and electron energy loss spectroscopy (EELS) was
conducted on a 200 kV ARM-200F transmission electron microscope (JEOL) with a
double aberration corrector and a cold field-emission gun.

3.4.6 XAS
X-ray Absorption Spectroscopy (XAS) is an advanced characterization tool,
which could offer precise oxidation states, coordination chemistry, atomic and electronic
structure information of the targeted element. XAS can be divided into the X-ray
absorption near-edge structure (XANES) and the extended X-ray absorption fine structure
(EXAFS) according to its photon energy. XANES can offer information on the oxidation
states and coordination chemistry of individual metal species, and EXAFS is more
focused on providing the local structure information, such as interatomic distance and
coordination numbers between the single metal atoms and the neighboring coordination
atoms. Besides, wavelet transform (WT) EXAFS could be used to distinguish the
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backscattering atoms in R-space and k-space, which is extremely powerful for identifying
the local atomistic structure and coordination geometry of single active center. In this
thesis, X-ray absorption spectra (XAS) measurements were performed on beamline
BL14W1 in the Shanghai Synchrotron Radiation Facility (SSRF) and Beamline BL12b
of the National Synchrotron Radiation Laboratory (NSRL, China).

3.4.7 DFT calculation
Theoretical calculations have long been viewed as an indispensable part of
experimental science, which could offer an in-depth understanding of the reaction
mechanisms. with the rapidly developed computer science, theoretical calculations are
increasingly important in the research due to the reduced time cost and elevated accuracy,
especially in the catalytic field, evidenced by the increased utilization of DFT calculations
in the papers published in recent years. Through theoretical modeling and simulation,
active sites and coordination environments can be well identified, which offer a perfect
platform to understand the catalytic mechanisms. Moreover, the energy barriers,
transition states, and the adsorption energies for intermediates of catalytic reactions,
which are the key parameters of reactions, can also be determined by the DFT calculations
quantitatively.

In this doctoral work, DFT calculations were conducted by VASP

software.

3.5 Electrochemical Measurements
In this thesis, all electrochemical tests data were recorded by a VSP-300
electrochemical workstation (BioLogic Science Instrument, France) and all the
electrochemical tests were conducted using a rotating disk electrode (RDE, Pine Research
Instrumentation, US) with a three-electrode system. All the measurements were carried
out in KOH aqueous solution (0.1 M KOH for the ORR and 1 M KOH for the OER and
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the HER). A Hg/HgO was acted as a reference electrode, and a graphite rod (for HER)
and a platinum net (for OER and ORR) were applied as the counter electrode, respectively.
Linear sweep voltammetry (LSV) was conducted at 10 mV s-1 from 1.13 -1.83 V (versus
RHE) for the OER and from -0.5-0 V (versus RHE) for the HER at 1600 rpm. While for
the ORR measurements, the LSV was performed in oxygen saturated electrolyte at
rotation speeds of 400, 625, 900, 1225, 1600 and 2025 rpm with the voltage range of 0.21.1 V versus RHE. The electrochemically active surface area (ECSA) was evaluated
based on the double-layer capacitance (Cdl) of the electrode. Electrochemical impedance
spectroscopy (EIS) was performed in the frequency range of100 kHz -0.1Hz. All the LSV
results were IR corrected by subtracting the ohmic resistance loss. The durability of the
catalysts was determined by the chronoamperometry method, which was executed at 1.56
V for the OER, 0.6 V (for the ORR), and -0.055 V (for the HER) at a rotation speed of
1600 rpm for several hours.
The TOF, ECSA, Cdl can be calculated as follow.
For the HER, the TOF was evaluated by the following equation:
𝐼

𝑇𝑂𝐹 = 2𝑛𝐹

(3-1)

For the OER, the TOF values were calculated by the following equation:
𝐼

𝑇𝑂𝐹 = 4𝑛𝐹

(3-2)

In here, I is the current (A) at an overpotential of 100 and 200 mV for the HER, and 360
mV for the OER. F is the Faraday constant (96,485 C mol-1). n represents the number of
moles the Pt.
The electrochemically active surface area (ECSA) of all the catalysts is calculated
by evaluating the Cdl. CV curves at different scans rates from 40 to 200 mV s-1 in the
voltage of 0.256 V-0.356 V vs. Hg/HgO were recorded. The Cdl was evaluated by the
following equation:
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𝐶𝑑𝑙 =

|𝑗𝑎 |+|𝑗𝑐 |

(3-3)

2𝑣

Where 𝑗𝑎 and 𝑗𝑏 (mA cm-2) are the anodic and cathodic current density, respectively. 𝑣 is
the scan rate (mV s-1).

The ECSA of catalysts is evaluated according to the following equation:
𝐸𝐶𝑆𝐴 =

𝐶𝑑𝑙

(3-4)

𝐶𝑠

In here, Cs = 0.03 mF cm-2 in 1M KOH solution according to previous work.
The procedure of the preparation of catalyst inks in the first work is as follow. 4
mg catalyst powders were dispersed in a mixed solution (16 µL of 5% Nafion solution,
384 µL of deionized water, and 100 µL of isopropanol) by sonicating for 2 h to obtain a
homogeneous ink. For the ORR activity evaluation, extra 1 mg of VulcanXC-72 was
added as the conductive additive for all the catalysts. 10 µL of the catalyst ink was coated
on a polished glassy carbon electrode (0.196 cm2) and dried in ambient air for OER and
HER activity evaluation, while 20 µL of the catalyst ink was applied for ORR activity
evaluation.
In the second work, the catalysts ink was first mixed with VulcanXC-72 carbon
with a mass ratio of 7:3 and then dispersed in a mixed solution (5% Nafion solution/
deionized water/isopropanol=4:96:25 in volume) followed by 2.5 h sonication. 10 uL
catalyst ink was coated on a polished glassy carbon electrode (0.196 cm 2) and dried in
ambient air to yield a loading mass of 204 ug cm-2 for the test.
For the evaluation of overall water splitting performance in the second work, a
device was established as follows. 250 µL catalyst ink was dropped on a Ti net (loading
mass was 1 mg cm-2) and dried at room temperature for the test. 30% Pt/LiCoO2 catalyst
was applied as the anode (OER) and cathode (HER) catalyst to evaluate the overall water
splitting performance as a bifunctional catalyst, labeled as 30% Pt/LiCoO2|| 30%
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Pt/LiCoO2. In contrast, commercial IrO2 NPs and Pt/C were used as the anode and cathode
catalysts, respectively, named IrO2||Pt/C. The durability of water splitting for catalysts
was evaluated by a chronopotentiometry measurement at a current density of 10 and 50
mA cm-2. The potentials were without iR-corrected for overall water splitting test.
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Chapter 4
Electronic Structure Engineering of LiCoO2 toward Enhanced
Oxygen Electrocatalysis
4.1 Introduction
With increasing energy demands and depletion of fossil fuels, great concerns have
been raised about the development and in particular the substantial application of
renewable energy. One potential strategy is to develop intelligent electrochemical
conversion and storage systems that could efficiently utilize renewable sources of
energy177, 222, 223. The oxygen evolution reaction (OER) and oxygen reduction reaction
(ORR) are kinetically sluggish, and therefore, significantly high overpotentials are
required to drive the reactions. These reactions are usually the bottleneck for the energy
efficiency of fuel cells, metal-air batteries, and water splitting47, 188, 224-227. Developing
active electrocatalysts is vital to achieve accelerated electrochemical reaction kinetics and
to eventually obtain highly efficient electrochemical devices. Currently, precious-metalbased materials, such as Pt, IrO2, and RuO2, are dominant among the catalysts for oxygen
electrocatalysis because of their superior activity; although their large scale application is
severely limited by their high cost and scarcity9, 50, 228. Therefore, this necessitates the
design and development of earth-abundant, stable, yet highly active electrocatalysts
towards practical energy storage and conversion devices.
Transition metal oxides and their derivatives have been considered as promising
electrocatalysts for the OER and ORR due to their earth-abundance and low cost, as well
as intrinsic stability during the catalytic process9, 22, 23, 47, 229-233. Among the various metal
oxides, lithium metal oxides with the formula LiMO2 (where M is a transition metal),
which have been widely applied as cathodes for lithium ion batteries, constitute a new
class of electrocatalysts. It has been reported that superior catalytic activity could be
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achieved by pinning the transition metal redox energies at the top of the O-2p band93, 234236

. LiCoO2 has recently been intensively explored as OER and ORR catalyst235, 91, 237-239.

However, its catalytic activity still needs to be enhanced to meet the requirements of
practical

applications.

Towards

the

intelligent

design

of

high-performance

electrocatalysts, two general strategies (enhancing the intrinsic activity and increasing the
number of active sites) have been applied to improve the activity of targeted
electrocatalysts. Creating defects, modulating the electronic structure, and tuning the
lattice strain are significant strategies to enhance the intrinsic activity of catalysts214, 226.
Nanostructure engineering by reducing the material’s dimension and size is the most
commonly deployed approach to increase the exposure of active sites. In particular, twodimensional (2D) materials possess exotic electronic properties and high surface atom
ratio, which are significant for electrochemical reaction kinetics65,

240, 241.

Hence,

engineering 2D-based nanostructures are attracting ever-increasing attention towards
catalysis and energy storage applications100, 242-244. Moreover, the electronic conductivity
of the catalyst system is also a vital factor for fast reaction kinetics. It should also be
mentioned that nanostructure engineering can modulate the intrinsic activity of the
catalyst as well under some circumstances.
Herein, a new LiCoO2-based electrocatalyst was designed and prepared by the
coupling of Mg doping and shear force-assisted exfoliation strategies towards enhanced
oxygen electrocatalysis kinetics. Substantially improved catalytic activity in both the
ORR and OER and this could be attributed to the synergistic effects induced by doping
with inert element Mg and exfoliation process, which caused favorable electronic
structure variation of Co to achieve higher valence (Co4+) and Co-O covalency, enhanced
charge transfer ability, and abundant exposure of active sites. These findings demonstrate
that structure engineering via several coupled strategies can provide new opportunities to
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provide further development of cost-effective electrocatalysts with durable and high
activity.
4.2 Experimental Section
Synthesis of bulk LCO powders: Bulk LCO powders were prepared by a typical solidstate reaction from stoichiometric amount of Co3O4 (Sigma-Aldrich, 99.5%) and 4%
excess Li2CO3 (Sigma-Aldrich, 99%). The precursors were dispersed into ethanol and
then ground by ball milling for 8 h at a speed of 300 rpm. The slurry was dried in an oven
at 80 °C for 8 h, followed by calcination at 480 °C for 2 h and then 950 °C for 4 h in air.
The obtained LCO powders were stored in a glove box filled with Ar before use. In this
work, all chemicals were purchased from Sigma-Aldrich (A.R) and were used directly
without further treatment.
Synthesis of bulk LCMO powders: The synthesis procedure of bulk LCMO powders
was the same as that of LCO, except that stoichiometric amount of Co3O4, MgO (SigmaAldrich, 99%) and 4% excess Li2CO3 were used.
Synthesis of ELCO and ELCMO nanosheets: ELCO and ELCMO nanosheets were
prepared from the corresponding bulk LCO and LCMO via the shear-assisted exfoliation.
In a typical procedure, 3 g of bulk LCMO powders were dispersed in 150 ml ethanol and
the suspension was sonicated for 0.5 h. The as-prepared suspension was then exfoliated
using a high shear laboratory mixer (L5M) with a rotor (30 mm in diameter) at 5500 rpm
for 40 min. The resultant suspension was centrifuged at 2500 rpm for 30 min to remove
the unexfoliated bulk material. The obtained supernatant was further centrifuged at 10000
rpm for 20 min to obtain the final LCMO nanosheets.
Materials Characterization: X-ray diffraction (XRD) was carried out on a GBC MMA
diffractometer with Cu Kα1 radiation (λ = 1.541 Å, step size of 0.02°s-1). The data were
collected in the 2θ range of 10°-70°. The elemental and chemical composition of all the
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samples were determined by X-ray photoelectron spectroscopy (XPS, VG Multilab 2000).
Raman spectroscopy was acquired on a JY HR800 spectrometer equipped with a 633 nm
laser as the excitation source. The Brunauer–Emmett–Teller (BET) method was used to
determine the specific surface area of the samples based on the nitrogen
adsorption/desorption

isotherms

(Micromeritics,

TriStarⅡ).

For

conductivity

measurements, the powders were pressed into pellets and then silver paste was coated on
both sides of each pellet for current collecting. The resistance of the pellets was measured
using a Keithley 196 System DMM at room temperature. The X-ray absorption near-edge
spectra of Co and O were conducted at Beamline BL12b of the National Synchrotron
Radiation Laboratory (NSRL, China). The morphologies of the catalysts were
characterized by field-emission scanning electron microscopy (FESEM, JEOL JSM-7500)
and transmission electron microscopy (TEM, JEM-2010). Annular bright field (ABF),
high-angle annular dark field (HAADF) images and EELS were conducted on a 200 kV
ARM-200F transmission electron microscope (JEOL) with a double aberration corrector
and a cold field-emission gun.
Electrochemical characterizations: For the preparation of catalyst inks, 4 mg catalyst
powders were dispersed in a mixed solution (16 µL of 5% Nafion solution, 384 µL of
deionized water, and 100 µL of isopropanol) by sonicating for 2 h to obtain a
homogeneous ink. For ORR activity evaluation, an extra 1 mg of VulcanXC-72 was
added as the conductive additive for all the catalysts. 10 µL of the catalyst ink was coated
on a polished glassy carbon electrode (0.196 cm2) and dried in ambient air for OER
activity evaluation, while 20 µL of the catalyst ink was applied for ORR activity
evaluation. Electrochemical experiments were performed with a WaveDriver 20
potentiostat (Pine Research Instruments, US). All the measurements were carried out in
KOH aqueous solution (0.1 M KOH for ORR and 1 M KOH for OER). A Hg/HgO
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electrode and a platinum net were applied as the reference electrode and counter electrode,
respectively. Linear sweep voltammetry (LSV) was conducted at 5 mV s-1 from 1.13 1.83 V (versus RHE) at 1600 rpm for OER. While for the ORR measurements, the LSV
was performed in oxygen saturated electrolyte at rotation speeds of 400, 625, 900, 1225,
1600 and 2025 rpm with the voltage range of 0.2-1.0 V versus RHE. The durability of the
catalysts was determined by the chronoamperometry method, which was executed at 1.56
V (versus RHE) at a rotation speed of 1600 rpm for 2 h for the OER and 0.6 V (versus
RHE) for 2 h for the ORR. The electrochemically active surface area (ECSA) was
evaluated based on the double-layer capacitance (Cdl) of the electrode. Electrochemical
impedance spectroscopy (EIS) was performed in the frequency range of100 kHz -0.1Hz.
All the LSV results were IR corrected by subtracting the ohmic resistance loss.
4.3 Results and discussion
4.3.1. Preparation of LiCo0.95Mg0.05O2 (ELCMO) nanosheets and their crystal
structure
In this work, LiCo0.95Mg0.05O2 (LCMO) nanosheets were prepared through a
solid-state reaction method followed by shear-assisted exfoliation, as schematically
illustrated in Figure 4.1a. Bulk LiCo0.95Mg0.05O2 powders were first synthesized by the
solid-state reaction process, then the bulk powders were exfoliated in ethanol to yield a
colloidal solution that contained ELCMO nanosheets with lithium deficiency. (A detailed
description of the synthesis process is included in the Experimental section.) Figure 4.1b
shows the XRD patterns of LiCoO2 (LCO), LCMO, exfoliated LCO (ELCO) and
ELCMO. All the diffraction peaks can be indexed to the NaFeO2-type structure with
space group 𝑅3̅𝑚 (rhombohedral structure), and no extra diffraction peaks are observed.
The (003) peak of LCMO slightly shifts to lower angles in contrast to LCO demonstrating,
demonstrating lattice expansion caused by the doping of Mg2+ with a larger atomic radius.
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This can be verified by the calculated lattice parameters presented in Table 4.1. The
intensity ratio of the (003) peak to the (104) peak (I(003)/I(104)) can be used to indicate
the degree of crystal orientation. As can be seen, the value of I(003)/I(104) is increased
substantially after exfoliation, signifying the crystal orientation of the (003) planes and
the presence of lamellar structure (Figure 4.1c). The grain size is reduced significantly
after exfoliation, which can be confirmed by the increase of the full-width-half maximum
(FWHM) of the (003) diffraction peak.

Figure 4.1. (a) Schematic illustration of the preparation of ELCMO nanosheets. (b) XRD
patterns of LCO, LCMO, ELCO and ELCMO catalysts. (c) The ratio of the intensity of
peak (003)/(104), and inset is the digital images of the solutions of exfoliated ELCO and
ELCMO nanosheets dispersed in ethanol.
Bulk powders of both LCO and LCMO have a typical layered structure (Figure 4.2
and 4.3). The transmission electron microscopy (TEM) images (Figure 4.4a and Figure
4.5a) demonstrate that the LCMO and LCO nanosheets were obtained successfully
through the exfoliation process. Optical images of colloidal solutions of ELCO and
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Table 1. Lattice parameters of the LiCoO2 (LCO), LiCo0.95Mg0.05O2 (LCMO) exfoliated
LiCoO2 (ELCO), and exfoliated LiCo0.95Mg0.05O2 (ELCMO) catalysts.
catalysts

a (Å)

c (Å)

c/a

I(003)/I(104)

FWHM
(003) (°)

LCO

2.813

14.034

4.989

7.35

0.105

LCMO

2.816

14.052

4.990

7.69

0.102

ELCO

2.810

14.040

4.996

9.09

0.150

ELCMO

2.813

14.063

4.999

14.71

0.158

Figure 4.2. SEM images of bulk LCO at different magnifications: (a) ×10000, (b) ×20000.

Figure 4.3. SEM images of bulk LCMO at different magnifications: (a) ×20000, (b)
×40000.
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ELCMO nanosheets obtained through shear exfoliation are presented in Figure 4.1c. The
high-resolution TEM (HRTEM) image together with the selected area electron diffraction.
(SAED) pattern of ELCMO (Figure 4.4b and c) indicate that high crystallinity is
sustained after exfoliation. Also, the SAED pattern is consistent with the corresponding
reflections originating from layered LiCoO2, suggesting that the exfoliated nanosheets
maintain the same hexagonal structure. The ELCO nanosheets also maintain the same
crystal structure, as shown in Figure 4.5b. The aberration-corrected high angular annular
dark-field (HAADF) and annular bright field (ABF) scanning transmission electron
microscopy (STEM) images of ELCMO projected along the

zone axis are

presented in Figure 4.4d and e. The atomic positions of Co ions in the ELCMO nanosheets
are revealed by the HAADF-STEM and ABF-STEM images, which is congruent with
𝑅3̅𝑚 space group, where Co ions locate at the octahedral sites and one Co ion is
surrounded by 6 Co ions. In order to better understanding the atomic surrounding
environment of Co and Li atoms, inverse fast Fourier transformation (IFFT) was
conducted, as shown in Figure 4.4g. The distribution of Li and Co ions is clearly observed
and one Co ion is surrounded by 4 Li-ions, which is well consistent with the schematic
crystal structure of LiCoO2 viewed from the

direction (Figure 4.4i). The atomic

arrangement can be observed more clearly from Figure 4.4h, which is the corresponding
colored image of Figure 4.4g. STEM mapping (Figure 4.4f) suggests that Co, Mg and O
are homogeneously spatially distributed across the ELCMO nanosheets, illustrating that
the element distribution is not affected by exfoliation.
4.3.2. Electrocatalytic performance
The OER catalytic performance of ELCMO was first evaluated and compared with LCO,
LCMO, and ELCO in 1 M KOH solution. As can be seen from the linear sweep
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Figure 4.4. Structural characterization of exfoliated ELCMO nanosheets. (a) TEM image.
(b) HRTEM image. (c) SAED pattern. (d) HAADF-STEM image, with the inset showing
the structure. (e) ABF-STEM image with the inset showing the corresponding FFT pattern.
(f) STEM mapping for Co, Mg and O. (g) IFFT image of HADDF-STEM image. (H)
Colored IFFT image of HADDF-STEM image. (i) Schematic illustration of ELCMO
viewed from the

direction. Lithium atoms: green spheres; Cobalt atoms: blue

spheres.

voltammetry (LSV) curves in Figure 4.6a, the catalytic activity of LiCoO2 is greatly
enhanced after Mg doping or exfoliation, and ELCMO delivers the best catalytic activity
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Figure 4.5 TEM image (a) and HRTEM image (b) of ELCO nanosheets.

Figure 4.6. Electrocatalytic performance of LCO, LCMO, ELCO and ELCMO catalysts
for the OER. (a) LSV curves in1 M KOH solution at a scan rate of 5 mV s-1. Inset is the
overpotential required for J=10 mA cm-2. (b) TOF calculated at an overpotential of 380
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mV. (c) Tafel slope. (d) Current density differences plotted against scan rates.

by combining Mg doping and exfoliation strategies, also confirmed by CV curves (Figure
4.7). The initial CV scan of LCO displays a large oxidation wave, which can be assigned
to the oxygen evolution reaction for water splitting. For the following cycles, the current
is reduced gradually and reaches a constant number, manifesting the deactivation
phenomenon of LCO catalyst. For the LCMO, ELCO, and ELCMO catalysts, however,
the oxidation wave current is much small than for LCO in the initial cycle, and the current
increases slightly and achieves a stable value during the following cycles. Notably, the
ELCMO shows a much larger current than the other catalysts, which is expected to reflect
superior OER performance. Remarkably, ELCMO shows superior OER activity to IrO2.
The required overpotential decreases from 461 mV for LCO to 329 mV for ELCMO to a
current density of 10 mA cm-2. To acquire more insight into the OER activity, the turnover
frequencies (TOFs) of those catalysts were further evaluated and compared, assuming
that all Co ions are involved in the catalytic reaction. As demonstrated in Figure 4.6b and
Table 4.2, the TOF of ELCMO reaches 0.3 s-1 at an overpotential of 380 mV, which is
significantly larger than that of LCO (0.0006 s-1), LCMO (0.002 s-1) and ELCO (0.02 s1

). The electrochemical impedance spectroscopy results (Figure 4.8) reveal that ELCMO

exhibits substantially reduced reaction resistance (7 Ω) as compared to the other samples,
which is also solid evidence for the fast electrochemical reaction kinetics. The Tafel slope
of ELCMO (33.8 mV dec-1) is greatly decreased as compared to LCMO (63.7 mV dec-1)
and ELCO (47.7 mV dec-1), confirming the outstanding OER kinetics of ELCMO
resulting from the synergistic effects of Mg doping and exfoliation (Figure 4.6.c). The
electrochemical active surface area (ECSA) of the samples were estimated based on the
electrochemical double-layer capacitances (Cdl) determined from the cyclic voltammetry
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Figure 4.7. Cyclic voltammetry (CV) curves of LCO (a), LCMO (b), ELCO (c), and
ELCMO (d) catalysts.

Table 4.2 Detailed data for the OER performance of the LCO, LCMO, ELCO and
ELCMO catalysts.
Specific
activity at
overpotential
=380 mV
(mA cm-2)

Tafel slope
(mV dec-1)

ECSA
(cm-2)

(mV)

TOF at
overpotential
=380 mV
(s-1)

LCO

461

0.0006

0.5

115.1

1.0

LCMO

432

0.002

1.3

63.7

2.3

ELCO

364

0.02

17.8

47.7

5.5

ELCMO

329

0.3

183.7

33.8

42.8

Catalyst

Overpotential
at 10 mA cm2
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Figure 4.8. Electrochemical impedance spectra (EIS) for LCO, LCMO, ELCO and
ELCMO catalysts.

Figure 4.9. CV curves measured in a non-Faradaic region of the voltammogram at scan
rates from 40 to 200 mV s-1 in 1 M KOH. The voltage range is 0.256-0.356 V versus
Hg/HgO. (a) CV curves of LCO; (b) CV curves of LCMO; (c) CV curves of ELCO; (d)
CV curves of ELCMO.
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Figure 4.10. OER stability of ELCMO and IrO2 measured by the chronoamperometry
method.

Figure 4.11. CV curves of LCO (a), LCMO (b), ELCO (c), and ELCMO (d) on glassy
carbon electrodes in 0.1 M KOH solution that has been O2-saturated (red line) or Arsaturated (black line).
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(CV) curves recorded in a non-Faraday region (Figure 4.9). As indicated in Figure 4.6d,
both Mg doping and the exfoliation process have a significant positive effect on the Cdl
value of the samples. As compared to bulk LCO, the Cdl of ELCMO is enhanced near 42
times, signifying that much more active sites are present in ELCMO due to the synergistic
effect of Mg doping and exfoliation strategies. It is worth noting that the variation of Tafel
slope is not as significant as that of Cdl and specific activity, because Tafel slope is the
intrinsic property of the material and it has little relationship with the surface area and the
number of the active sites. Moreover, as compared with IrO2, ELCMO shows better
durability performance during the chronoamperometry test (Figure 4.10).
The ORR activities of the LiCoO2-based catalysts were evaluated as well. The CV
results (Figure 4.10) suggest that ELCMO exhibits much more positive oxygen reduction
peak potential (0.686 V versus RHE) compared to LCO, demonstrating the enhanced
ORR activity of ELCMO.
Figure 4.12a presents the rotating-disk electrode voltammograms of ELCMO catalyst at
different rotation rates at a sweep rate of 5 mV s-1. And the corresponding profiles of LCO,
LCMO and ELCO are presented in Figure 4.13-15, respectively. ELCMO shows the best
intrinsic activity among all the catalysts, and exhibits the highest half-wave potential of
0.679 V, as shown in Figure 4.12 c and Table 4.3. The electron transfer number (n) of
ELCMO determined from the Koutecky–Levich plots is close to 4 (Figure 4.12b),
indicating that ELCMO favors a 4e oxygen reduction process and first-order reaction
kinetics. In addition, the excellent reaction kinetics of ELCMO can be confirmed by the
reduced Tafel slope and decreased reaction resistance (Figure 4.12d and Figure 4.16).
ELCMO shows promising ORR stability as well, as verified by the chronoamperometry
test (Figure 4.12e).
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4.3.3 Discussion
The excellent electrocatalytic performances of ELCMO nanosheets towards oxygen
evolution and reduction reactions may be attributed to three principal factors: enhanced
electrical conductivity, increased number of active sites, and in particular modulated
electronic configuration of Co.
Enhanced electrical conductivity could be an important contributor to the
improved catalytic performance towards the oxygen electrocatalysis. On the one hand,
Mg doping can increase the electrical conductivity of LCO because the concentration of
the electronic holes is considerably enhanced and the Fermi level shifts into the valence
band, resulting in excellent p-type conductivity. This is also well validated by the
conductivity test results. The electrical conductivity of LCMO is determined to be 1.8104

S cm-1 at room temperature, which is dramatically improved as compared to LCO

(1.210-5 S cm-1). On the other hand, thinning down the thickness of the bulk material to
nanosheets is an effective way for improving electrical conductivity and it was reported
that the density of electronic states around the Fermi level can be increased dramatically
when bulk materials are transformed to nanosheets245,246, 247. The electrical conductivity
of ELCMO (1.310-3 S cm-1) and ELCO (1.510-4 S cm-1) are also greatly increased over
that of LCMO and LCO after exfoliation, respectively.
Moreover, an increased number of active sites also contribute to the higher
catalytic activity of exfoliated samples. Mechanical shear exfoliation not only reduces the
thickness of the bulk materials to nanosheets, but also decreases the later size of the
nanosheets, as verified by Brunauer-Emmett-Teller (BET) measurements, the TEM and
SEM images. The N2 adsorption/desorption isotherm plot is presented in the Figure 4.17
and the results illustrate that the exfoliated ELCO and ELCMO nanosheets have the
similar specific surface area, which are 32.7 and 32.9 m2 g-1, respectively, much larger
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than the bulk LCO (0.8 m2 g-1) and LCMO (1.7 m2 g-1). This confirms that the exfoliation
strategy is an effective way to improve the specific surface area of LCO and the density
of electrocatalytic active sites.

Figure 4.12. Electrocatalytic performance of LCO, LCMO, ELCO and ELCMO catalysts
for the ORR. (a) Rotating-disk voltammograms of ELCMO in O2-saturated 0.1 M KOH
with a scan rate of 5 mV s-1 at different rotation rates. (b) Koutecky–Levich plots of
ELCMO at different voltages. (c) Have-wave potential plots. (d) Tafel slopes. (e) CA of
ELCMO on the RDE (1600 rpm) at a 0.6 V (vs. RHE) in O2-saturated 0.1 M KOH.
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Figure 4.13. (a) Rotating-disk voltammograms of LCO in O2-saturated 0.1 M KOH with
a sweep rate of 5 mV s-1 at the different rotation rates indicated; (b) The corresponding
Koutecky–Levich plots (J-1 versus ω-1/2) at different potentials.

Figure 4.14. (a) Rotating-disk voltammograms of LCMO in O2-saturated 0.1 M KOH
with a sweep rate of 5 mV s-1 at the different rotation rates indicated; (b) The
corresponding Koutecky–Levich plots (J-1 versus ω-1/2) at different potentials.

It is generally accepted that the electronic structure of transition metal (M) and M-O
covalency have a close correlation with the oxygen electrocatalysis kinetics22, 23. Higher
valence of the transition metal and enhanced M-O covalency could promote electron
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transfer between surface transition metal cations and the adsorbed reaction
intermediates177, 248. Therefore, we applied X-ray photoelectron spectroscopy (XPS) to
determine the electronic structure of surface Co and O ions. After incorporating Mg ions
and exfoliation, the main peak of Co 2p3/2 gets broadened and shifts toward higher binding
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Figure 4.15. (a) Rotating-disk voltammograms of ELCO in O2-saturated 0.1 M KOH
with a sweep rate of 5 mV s-1 at the different rotation rates indicated; (b) The
corresponding Koutecky–Levich plots (J-1 versus ω-1/2) at different potentials.

Table 4.3. Detailed data for the ORR performance of the LCO, LCMO, ELCO and
ELCMO catalysts.

catalyst

Have-wave
potential
(mV)

ORR peak
potential
(V)

LCO

0.640

0.640

2.96

74.2

LCMO

0.648

0.643

3.50

71.9

ELCO

0.668

0.683

3.67

61.0

ELCMO

0.679

0.686

3.98

54.2
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Figure 4.16. (a) Electrochemical impedance spectra for LCO, LCMO, ELCO, and
ELCMO catalysts during the ORR process. (b) Fitting results for the charge transfer
resistance.
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Figure 4.17. N2 adsorption/desorption isotherm of LCO, LCMO, ELCO and ELCMO.

FWHM of the Co 2p3/2 peak increases from 3.6 to 3.74 eV and the relative satellite peak
area decreases from 2.54 to 2.24 upon Mg doping (Table 4.4). A similar phenomenon can
be observed after mechanical shear exfoliation, which may be related to partial Li
extraction during exfoliation, resulting in the transformation of spin ordering and charge
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ordering of Co ions. Combining the binding energy with the relative satellite peak area is
a more effective way to evaluate the valence of Co than only using binding energy
because the peak position is closely associated with the substance. The reduced satellite
peak area and positive shift of the binding energy indicate that the valence of Co ions is

Figure 4.18. (a) Co 2p XPS core spectra. (b) O 1s XPS core spectra. (c) EELS spectra of
Co L2,3 edge. (d) Raman spectra of the samples.
increased after Mg doping and exfoliation. Furthermore, the oxidation process of Co3+
can be confirmed by the positive shift of the Co 3p core peaks and Co 3s spectrum of the
samples (Figure 4.19-20). Moreover, a partial oxidation process of O2- ions can be
indicated by the variations of O1s XPS spectra, where the O1s peak, lattice oxygen peak
(located at lower binding energy about 529 eV) and active oxygen peak on the surface
(higher binding energy) become broader toward higher energy region after doping and
exfoliation treatment391, 249. This confirms that both cobalt and oxygen undergo oxidationtype changes in their electronic structure, implying enhanced Co-O covalency and
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hybridization of metal 3d orbitals and O 2p states upon Mg incorporation and exfoliation
strategies.
Electron energy-loss spectrometry (EELS) of Co (Figure 4.18c) also unravel the partial
oxidation of Co3+, where the ratio of L2/L3 for LCMO increases by 8% after exfoliation,
confirming that the Co valence state can be improved through shear exfoliation250. The
Raman spectra reveal that the peak wavenumber for the A1g (597 cm-1) and Eg (487 cm-1)
bands of the LCMO, ELCO and ELCMO catalysts (Figure 4.18d) shift downwards as
compared with LCO, which can be ascribed to the expansion of the c axis due to Mg
doping and Li deficiency, corroborating the modification of the spin ordering of Co ions251,
252

. The Co-L edge X-ray absorption near edge structure (XANES) spectra (Figure 4.21a)

shows that the Co-L edge of LCMO, ELCO and ELCMO becomes broadened and shift
toward higher energy position, indicating the increment of Co-O bond covalency and the
increased effective charge of the Co ions. This is also confirmed by the variation of O Kedge XANES spectra, where a decrease in the A1 peak (unoccupied O 2p–Co 3d
hybridized state located at 531.6 eV) intensity was revealed, signifying higher oxidation
of the oxygen and increased Co-O covalency (Figure 4.22). This may result from the
rehybridization between Co and O atoms under the local structural distortion of CoO6
octahedra induced by the synergistic effects of Li deficiency and Mg doping. In all, the
results of the above analysis could be illustrated by the modification of qualitative one5 0
electron energy diagram of Co3+ to Co4+ (Figure 4.21b). The formation of Co4+: 3d5 (𝑡2𝑔
𝑒𝑔 )
6 0
due to the oxidation of low-spin Co3+ 3d6 (𝑡2𝑔
𝑒𝑔 ) ions favors the reduction of the crystal

field stabilization energy (CFSE), facilitating fast oxygen electrode reactions235. In
addition, the covalency and hybridization of metal 3d and O 2p states are improved
significantly, accompanied by an increased hole concentration, resulting in enhanced
charge transfer between surface Co cations and the adsorbates such as O22- and O2-, as
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Table 4.4. Satellite relative area (%) and full width at half maximum (eV) of the main
peak in the Co 2p3/2 spectra of the LiCoO2 samples.
catalysts

% sat. area

FWHM (eV)

LCO

2.54

3.60

LCMO

2.24

3.74

ELCO

0.93

4.40

ELCMO

0.61

4.60

Figure 4.19. Co 3p, Li 1s, and Mg 2p core peaks of LCO, LCMO, ELCO, and ELCMO
catalysts. A strong widening of the Co 3p peak toward higher binding energy is observed
after Mg doping and exfoliation, suggesting the oxidation of Co3+.
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Figure 4. 20. Co 3s core peaks of LCO, LCMO, ELCO, and ELCMO catalysts.

Figure 4.21. (a) Normalized Co L-edge X-ray absorption spectra of the samples. (b)
Qualitative one-electron energy diagram, illustrating the modulated electronic structure
of Co and O. (c) Proposed OER and ORR mechanisms.
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Figure 4.22. Normalized oxygen K-edge X-ray absorption spectra of LCO, LCMO,
ELCO and ELCMO catalysts.

Figure 4.23. Valence spectra of LCO, LCMO, ELCO, and ELCMO catalysts.

illustrated in Figure 4.21c. This is verified by the tendency for the valence spectra of
doped and exfoliated samples to exhibit a reduction of the peak Co 3d state (t 2g),
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particularly for ELCMO catalysts, which can be assigned to the reduction of the electron
population of the Co 3d states, resulting from the creation of holes in the t2g band created
by overlapping t2g orbitals of Co in edge-sharing octahedral (Figure 4.23).

4.4 Conclusion
In summary, highly efficient LiCoO2-based nanosheets were successfully prepared
by combining Mg doping and exfoliation strategies towards enhanced oxygen
electrocatalysis (OER and ORR). The combination of Mg doping and the exfoliation
process could modulate the electronic structure of Co and the covalency of Co-O, and
maximize the exposure of active sites, which eventually induce substantially enhanced
electrocatalytic performance in terms of specific activity and stability. The present results
provide new insights into the design and development of highly active catalysts for
oxygen electrocatalysis towards energy applications (e.g., water electrolyzers, metal-air
batteries).

Note: The content of this chapter has been published in Advanced Energy Materials.
Permission regarding copyright has been obtained from the publishers. [Xiaobo Zheng,
Yaping Chen, Xusheng Zheng, Guoqiang Zhao, Kun Rui, Peng Li, Xun Xu, Zhenxiang
Cheng, Shi Xue Dou, Wenping Sun*. Electronic Structure Engineering of LiCoO2 toward
Enhanced Oxygen Electrocatalysis. Advanced Energy Materials, 2019, 9(16), 1803482.
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Chapter 5
Multifunctional Platinum/Lithium Cobalt Oxide Heterostructures towards
Superior Overall Water Splitting for Hydrogen Production
5.1 Introduction
Electrochemical water splitting consisting of hydrogen-evolution reaction (HER)
and oxygen-evolution reaction (OER) has attracted extensive attention due to the critical
role in renewable energy application1, 100, 253. Noble metal-based materials (e.g. Pt and
IrO2) are the state-of-the-art catalysts for water splitting, however, their scarcity and high
cost inhibit their large-scale commercialization221,

254, 255

. Therefore, numerous

electrocatalyst design and synthesis strategies, including nanostructure engineering196, 224,
256-258

, hybridization engineering259-261, spin-state regulation178,

engineering

28, 262, 263

180, 181, 183

, and strain

to acquire highly efficient electrocatalysts with low contents of

noble metals, noble metal-free electrocatalysts and even metal-free electrocatalysts41, 264269

.
Heterostructures,

particularly

two-dimensional

(2D)

material-based

heterostructures, due to their diversely physicochemical properties and high specific
surface area, have been extensively studied and developed as electrocatalysts for a variety
of applications167, 219, 220, 224, 225, 248, 270-272. Supported type heterostructures with a metal –
metal oxide system, featuring strong metal-support interaction including electronic
interactions and geometric effects, exhibit superior catalytic activity and stability to their
individual components95,

108, 217, 248, 273-275

. This kind of heterostructures also has a

significant advantage of increasing the dispersity of noble metals and simultaneously
reducing their mass loading dramatically.
Pt is the most efficient HER electrocatalyst due to the optimal hydrogen
absorption energy, however, its catalytic activity for alkaline HER is greatly decreased as
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compared to that for acidic HER, which is in great part due to the sluggish water
dissociation step in alkaline HER. Many transition metal-based compounds particularly
Ni-based compounds feature high capability for cleaving the HO-H bond. Therefore,
these compounds are usually deployed as co-catalysts to couple with Pt or other HER
electrocatalysts to boost the catalytic activity in alkaline media107, 276. Recently, LiCoO2,
especially exfoliated LiCoO2 nanosheets, has been considered as promising OER catalyst
in alkaline media due to its unique electron configuration of Co82, 90, 235, 238. Based on this,
we expect that LiCoO2 could be an efficient catalyst promoter for the alkaline HER. In
addition, some noble metals have been developed to promote the oxygen electrocatalysis
of transition metal oxides or hydroxides by modulating the electronic structure of active
centers95,

113, 277

. In view of these facts, we elaborately designed Pt/LiCoO2

heterostructures with Pt NPs well confined on ultrathin LiCoO2 nanosheets towards
highly efficient overall water splitting. In this electrocatalyst system, the active center can
be alternatively switched between Pt and LiCoO2 for HER and OER, respectively.
Specifically, for alkaline HER, Pt is the active center and LiCoO2 acts as the co-catalyst
for promoting water dissociation kinetics, whereas the active center transfers to LiCoO2
and Pt turns into the co-catalyst for OER. The enhanced overall water splitting can be
ascribed to the simultaneously increased number of active sites and intrinsic activity due
to the synergetic coupling effects of the electronic interactions, coordination effects, and
oxygen defects engineering strategies. This work not only provides new insights into 2D
heterostructured electrocatalysts towards overall water splitting, but also offers a novel
rational design strategy for multi-functional electrocatalysts for energy-related
applications.

5.2 Experimental Section
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Chemicals. Cobalt (Ⅱ, Ⅲ) oxide (99.5%), Lithium carbonate (99%), chloroplatinic acid
hydrate (99.995%), ethylene glycol (99%), Nafion® 117 solutions and platinum on
graphitized carbon (20 wt. % loading) were purchased from Sigma-Aldrich.
Synthesis of exfoliated LiCoO2 nanosheets. Bulk LiCoO2 was synthesized by a solidstate method. The obtained LiCoO2 sample was subjected to a shear-assisted exfoliation
process in ethanol solution46. The resultant suspension was centrifuged, collected and
dried, and the obtain LiCoO2 was stored in vacuum drier for further use.
Synthesis of Pt/LiCoO2 heterostructures. Different volume of 0.1 M H2PtCl6 /ethylene
glycol (EG) solution (85, 192, and 515 uL corresponds to nominal 10, 20, and 40 wt. %
Pt, respectively) was added into 30 mL LiCoO2/EG dispersion (0.5 mg/mL). The mixture
was ultrasonicated for 1 h and then was heated at 75 oC for 4 h in an oil bath. The
suspension was washed by the ethanol and deionized water, and centrifuged several times,
followed by drying in a vacuum oven for 12 h. The actual Pt loading was determined by
inductively-coupled plasma mass spectroscopy (ICP-MS), which are 4.3, 12.8, and 30
wt. % Pt for nominal 10, 20, and 40 wt. %, named as 4.3% Pt/LiCoO2, 12.8% Pt/LiCoO2,
30% Pt/LiCoO2, respectively. In contrast, Pt NPs were synthesized via the same process
without LiCoO2.
Physical characterization. XRD was performed on a GBC MMA X-ray diffractometer,
and the morphology of all catalysts was characterized by transmission electron
microscope (JEM-2010) and field emission scanning electron microscope (JEOL JSM7500). The elemental content and valance states were carried out by ICP-MS (Thermo
Scientific Plasma Quad 3). HADDF-STEM and ABF-STEM characterizations were
conducted on a JEOL ARM200F and X-ray absorption spectra (XAS) measurements were
performed on beamline BL14W1 in Shanghai Synchrotron Radiation Facility (SSRF).
XPS was conducted using a SPECS PHOIBOS 100 Analyser installed in a high-vacuum
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chamber (below 10–8 mbar) and X-ray excitation was provided by Al Kα radiation with
photon energy hν = 1486.6eV at the high voltage of 12 kV and power of 144 W. The pass
energies and step width are 20eV and 0.05 eV for high-resolution spectra, and 60eV and
0.5 eV for the broad survey scan. Analysis of the XPS data was carried out by using the
commercial CasaXPS software package.
Electrochemical characterization. The catalysts ink was first mixed with VulcanXC-72
carbon with a mass ratio of 7:3, and then was dispersed in a mixed solution (5% Nafion
solution/ deionized water/isopropanol=4:96:25 in volume) followed by 2.5 h sonication.
10 uL catalyst ink was coated on a polished glassy carbon electrode (0.196 cm2) and dried
in ambient air to yield a loading mass of 204 µg cm-2.
Electrochemical measurements were conducted with a rotating disk electrode (RDE)
system (Pine Research Instrumentation, US) using a three-electrode setup, with Hg/HgO
as the reference electrode and a graphite rod (for HER) as the counter electrode (Pt mesh
for OER) in 1 M KOH aqueous solution. LSV was performed at 10 mV s-1 from 1.131.83 V (vs. RHE) for OER and from -0.5-0 V (vs. RHE) for HER at a rotation speed of
1600 rpm. The HER durability measurement was carried out by the chronoamperometry
test at an overpotential of 55 mV for 4 h. The electrochemical impedance spectroscopy
was recorded in the frequency range of 100 kHz–0.1 Hz. All the potentials were iRcorrected by the resistance of the electrolyte.
For the HER, the TOF was evaluated by the following equation:
𝐼

𝑇𝑂𝐹 = 2𝑛𝐹

(1)

For the OER, the TOF values were calculated by the following equation:
𝑇𝑂𝐹 =

𝐼

(2)

4𝑛𝐹

where I is the current (A) at an overpotential of 100 and 200 mV for HER, and 360 mV
for OER, F is the Faraday constant (96,485 C mol-1), and n represents the number of
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moles of Pt in the HER and Co in the OER.
The electrochemically active surface area (ECSA) of the catalysts are compared by
evaluating the Cdl of the catalysts in a non-Faraday region. CV curves at different scans
rates from 40 to 200 mV s-1 in the voltage of 0.256 V-0.356 V vs. Hg/HgO were recorded.
The Cdl was evaluated by the following equation:
𝐶𝑑𝑙 =

|𝑗𝑎 |+|𝑗𝑐 |

(3)

2𝑣

Where 𝑗𝑎 and 𝑗𝑏 (mA cm-2) are the anodic and cathodic current density, respectively. 𝑣 is
the scan rate (mV s-1).
Overall water splitting devices. 250 µL catalyst ink was coated on a Ti mesh (loading
mass was 1 mg cm-2) and dried at room temperature. 30% Pt/LiCoO2 catalyst was applied
as the anode (OER) and cathode (HER) catalyst to evaluate the overall water splitting
performance as a bifunctional catalyst, and the cell was named as 30% Pt/LiCoO2|| 30%
Pt/LiCoO2 cell. For comparison, commercial IrO2 NPs and Pt/C were used as the anode
and cathode catalyst, respectively, to assemble an IrO2||Pt/C cell. The durability of water
splitting cells was evaluated by chronopotentiometry measurement at a current density of
10 and 50 mA cm-2. The potentials were without iR correction for overall water splitting
test.
Computational methods. Our simulations were performed within the framework of
generalized gradient approximation (GGA) of Perdew–Burke–Ernzerhof (PBE)
implemented with the Vienna Ab-initio Simulation Package (VASP)278, 279. The projectoraugmented wave potential was employed to model ionic potentials. The energy cutoff of
450 eV was used. The force convergence criteria was set to less than 0.01 eV /Å. The
vacuum layer thickness was set to 20 Å to avoid the image interaction between slabs. The
hybrid Pt/LiCOO2 was built with three CoO2 layers of LiCoO2 along (001) surface and Pt
tetrahedron crystal with (111) surface. Lattice parameters were fully relaxed, the
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geometry of crystal is fully optimized for before the electron structure and total energy
calculation.
The free energy of the R (O, OH, OOH) adsorption is calculated as:
∆𝐺 = 𝐸(𝑅 ∗ ) + 𝑍𝑃𝐸(𝑅 ∗ ) − 𝑇𝑆(𝑅 ∗ ) − 𝐸𝐺(∗) − [𝐸(R) + 𝑍𝑃𝐸(R) − 𝑇𝑆(R)]

(4)

Where the star (*) indicates the substrate catalyst, R means the adsorbed state.

5.3 Results and discussion
Synthesis and characterizations of Pt/LiCoO2. As illustrated in Figure 5.1a, Pt
nanoparticles (NPs) were deposited onto the exfoliated LiCoO2 nanosheets by a typical
wet-chemical process, and the digital images of different Pt/LiCoO2 heterostructures
dispersed in EG solution are presented in Figure 5.2. Figure 5.1b is a scanning electron
microscope (SEM) image of layered LiCoO2, which can be easily exfoliated into
nanosheets with lateral size of several hundred nanometers without structural evolution
(Fig. 5.1c and Figure 5.3). Figure 5.1d shows the transmission electron microscope (TEM)
image of 30% Pt/LiCoO2, where Pt NPs (~ 2.2 nm, inset of Figure 5.1d) are grown on the
LiCoO2 nanosheet. The selected area electron diffraction (SAED) pattern (Figure 5.1e)
clearly demonstrate the coexistence of Pt (typical Pt (111) and (220) lattice planes) and
LiCoO2 with (107) planes. The aberration-corrected high-angle annular dark-field
(HAADF) and annular bright field (ABF) scanning transmission electron microscopy
(STEM) were applied to probe the local atomic structure of Pt/LiCoO2. As shown in
Figure 5.1f and 1g, the lattice spacing of 2.2 Å can be assigned to Pt (111). STEM
mapping (Figure 5.1h) indicates that Co, O and Pt elements are finely distributed,
suggesting that the Pt NPs are well-confined on the LiCoO2 nanosheets support, which is
well consistent with the energy dispersive spectroscopy (EDS) spectrum (Figure 5.4) and
the line scan spectra (Figure 5.5). For comparison, 4.3% Pt/LiCoO2 and 12.8% Pt/LiCoO2
were also synthesized and the TEM images suggest the average size of Pt NPs decreases
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slightly with reducing Pt loading (Figure 5.6-5.8).

Figure 5.1. Synthesis and microscopic characterization of Pt/LiCoO2 heterostructures. (a)
Schematic illustration of the synthesis process for Pt/LiCoO2 heterostructures. (b) SEM
image of LiCoO2 (Inset: enlarged SEM image). (c) TEM image of exfoliated LiCoO2
nanosheets. (d) TEM image of 30% Pt/LiCoO2 with the corresponding statistical analysis
of the particle size of Pt NPs confined on LiCoO2 in the inset. (e) SAED pattern. (f)
STEM-HAADF image. (g) STEM-ABF image. (h) STEM mapping for Co, O, and Pt.
Lithium atoms: green spheres; Cobalt atoms: yellow spheres; Platinum atoms: purple
spheres; Oxygen vacancy: grey spheres.

The XRD patterns of the Pt/LiCoO2 heterostructures are presented in Figure 5.9.
The diffraction peaks corresponding to LiCoO2 can be well indexed to the NaFeO2-type
structure (space group 𝑅3̅𝑚).The relative intensity of Pt (111) diffraction peak located at
about 40o increases obviously with increasing Pt loading. The survey spectra of X-ray
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photoelectron spectroscopy (XPS) of 30% Pt/LiCoO2 (Figure 5.10) further confirm the

Figure 5.2. Optical images of 30% Pt/LiCoO2, 12.8% Pt/LiCoO2, 4.3% Pt/LiCoO2 in
ethylene glycol (EG) solution, from left to right. The colour of the Pt/LiCoO2
heterostructure becomes darker with increasing Pt loading content.

Figure 5.3. High-resolution transmission electron microscope (HRTEM) image of
exfoliated LiCoO2 nanosheets, with corresponding selected area electron diffraction
(SAED) patterns in the insets.
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Figure 5.4. STEM-EDS spectrum of 30% Pt/LiCoO2.

Figure 5.5. Line scan profile of STEM mapping spectra for 30% Pt/LiCoO2. Both the
line1 and 2 plots suggest the coexistence of Pt and LiCoO2.

Figure 5.6. TEM characterization of Pt NPs. (a) TEM image. (b) Statistical analysis of
the particle size of Pt NPs.
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Figure 5.7. TEM characterization of 4.3% Pt/LiCoO2. (a) TEM image. (b) HRTEM image.
(c) Fast Fourier transform (FFT) pattern. (d) Statistical analysis of the particle size of Pt
NPs anchored on LiCoO2.

Figure 5.8. TEM characterization of 12.8% Pt/LiCoO2. (a) TEM image. (b) HRTEM
image. (c) Fast Fourier transform (FFT) pattern. (d) Statistical analysis of the particle size
of Pt NPs anchored on LiCoO2.
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coexistence of Pt, Co and O elements, which is identical with the STEM mapping results. .
Furthermore, positive binding energy shifts of Pt 4f7/2 and Pt 4f5/2 are obviously observed
in the high-resolution XPS spectra of Pt 4f (Figure 5.11a), manifesting the strong
electronic interaction between Pt and LiCoO2. The positive shift of binding energies may
also indicate the downshift of d-band center of Pt in the Pt/LiCoO2 heterostructure as
compared to bare Pt NPs164, 276, 280, which is well evidenced by the DFT calculations
(Figure 5.12). The downshift of d-band center could help optimize the hydrogen
adsorption energy on Pt (Pt-Had), resulting in accelerated recombination of Had into
hydrogen molecular281, 282. In addition, an obvious positive binding energy shift of Co
2p3/2 and Co2p1/2 is observed in the high-resolution Co 2p XPS spectra, where the binding
energy of Co 2p3/2 shifts from 780.20 eV in LiCoO2 to 781.0 eV in 30% Pt/LiCoO2 (Figure
5.11b). Moreover, a strong broadening of Co 2p is obviously observed in Pt/LiCoO2.
These positive shift and peak broadening in the Co 2p XPS spectra suggest that Co3+ ions
might be partially reduced to Co2+ possibly due to the electron transfer from Pt to LiCoO2
and the formation of oxygen defects, which is favorable for weakening the bonding
between LiCoO2 and OER intermediates towards accelerated OER kinetics283.
X-ray absorption near-edge structure (XANES) spectra and extended X-ray
absorption fine structure (EXAFS) were applied to investigate the local atomistic,
coordination and electronic structures. The XANES spectra of the Pt L3-edge (Figure
5.11c) indicate that the average oxidation of Pt was enhanced in the Pt/ LiCoO 2
heterostructures, as clearly evidenced by the higher white line intensity of the Pt L3-edge
in the heterostructures as compared to the Pt NPs and Pt foils. This suggests electron
transfer from the Pt NPs to the LiCoO2 support, yielding more positively charged Pt in
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Figure 5.9. XRD patterns of LiCoO2, 4.3% Pt/LiCoO2, 12.8% Pt/LiCoO2 and 30%
Pt/LiCoO2.

Figure 5.10. XPS survey spectra of Pt NPs, LiCoO2, and 30% Pt/LiCoO2.

the composite, which is well congruent with the above-mentioned XPS results96. The Pt
EXAFS of Pt/LiCoO2 exhibits a main peak at 2-3 Å, slightly smaller than the Pt-Pt bond
length in Pt foil, and the relative intensity of Pt/LiCoO2 is much weaker than that of Pt
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foil and Pt NPs, illustrating a lower Pt-Pt coordination number in Pt/LiCoO2 (Fig. 5.11d
and Figure 5.13). Moreover, an exclusive peak at 1-2 Å detected in Pt/LiCoO2 is ascribed
to Pt-O coordination, which is also evidenced by the wavelet transform (WT) analysis
with a WT intensity maximum at lower K position (~5.5 Å-1) (Fig. 2f). Notably, the
EXAFS fitting results (Table 5.1) quantitatively unravel that the formation of Pt/LiCoO2
results in the decrease of Pt-Pt coordination number by ~2.3 compared to Pt NPs and the
presence of Pt-O coordination with the number of 0.6 at 2.00 Å.
In addition to changing the local atomic structure and coordination of Pt, the
formation of Pt/LiCoO2 heterostructures also alters the local chemical bonding
environment and electronic structure of Co species. As indicated in Figure 5.11f, the
absorption edge of 30% Pt/LiCoO2 (magenta arrow) shifts obviously towards higher
energies than Co foil but lower than LiCoO2, which implies a lower valence state of Co
ions in the heterostructures as compared to LiCoO2. This is also supported by the lower
intensity of the pre-edge peak at 7709.5 eV for Pt/LiCoO2, further confirming the partial
reduction of Co ions and charge transfer from Pt to LiCoO2284. The peak located at 2-3 Å
in the Fourier-transformed EXAFS (Fig. 5.11g), the representative for radial distances of
two Co ions linked through the edge-sharing Co octahedral, is weakened after the
formation of Pt/LiCoO2, demonstrating the reduced Co-Co coordination number.
Furthermore, another peak at 1-2 Å can be ascribed to the first shell Co-O distance, and
the intensity is reduced for Pt/LiCoO2, illustrating a lower Co-O coordination number and
increased oxygen deficiencies in the heterostructures. To be more specific, quantitative
fitting coordination results derived from EXAFS simulations (Table 5.2) unravel that the
average coordination number of Co-Co and Co-O are reduced by 4.2 and 0.6, respectively,
which provide solid evidence for the existence of abundant oxygen vacancies and the
decrease in Co valence state in the Pt/LiCoO2 heterostructures. Notably, the reduction of
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Co-Co and Co-O coordination number implies a more disordered surface structure in the
Pt/LiCoO2 system, as under-coordinated Co ions are unfavorably stable

Figure 5.11. Structural characterization of Pt/LiCoO2 heterostructures. (a) Highresolution XPS spectra of Pt 4f for Pt NPs and 30% Pt/ LiCoO2. (b) Co 2p XPS spectra
of LiCoO2 and 30% Pt/LiCoO2. (c) Pt L3-edge XANES spectra. (d) Pt L3-edge EXAFS
spectra. (e) WT plots for the Pt L3-edge k3-weighted EXAFS signal for Pt NPs and 30%
Pt/LiCoO2 heterostructures. (f) Co K-edge XANES spectra with the corresponding
enlarged pre-edge area in the inset. (g) Co K-edge EXAFS spectra. (h) WT plots for the
Co K-edge k3-weighted EXAFS signal for LiCoO2 and 30% Pt/LiCoO2 heterostructures.
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Figure 5.12. (a) Projected DOS of Pt tetrahedron crystal and Pt/LiCoO2. (b). The d-band
center of Pt in Pt tetrahedron crystal and Pt Pt/LiCoO2.

Figure 5.13. WT plot for the k3-weight EXAFS signal for Pt foil.

and are more likely to lead to surface reconstruction176. In addition, the wavelet transform
(WT) results (Fig. 5.11h and Figure 5.14) also confirm the Co-Co and Co-O coordination
for Pt/LiCoO2. Based on the above analysis, we propose that rich oxygen defects and local
structural disorder are generated at the interfaces of Pt/LiCoO2 heterostructures,
accompanied by the partial reduction of Co ions and the presence of coordinatively
unsaturated Co ions, which might play an important role in enhancing the catalytic
activity for OER.
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Table 5.1. EXAFS fitting parameters at the Pt LIII-edge for various samples(Ѕ02=0.831).
Sample

Shell

Na

R(Å)b

σ2(Å2)c

ΔE0(eV)d

R factor

Pt foil

Pt-Pt

12

2.76

0.0046

6.6

0.0014

Pt NP

Pt-Pt

8.8

2.75

0.0055

5.3

0.0005

30%

Pt-O

0.5

2.00

0.0049
3.3

0.0042

Pt/LiCoO2
a

Pt-Pt

6.5

2.74

0.0085

N: coordination numbers; bR: bond distance; cσ2: Debye-Waller factor; d ΔE0: the inner

potential correction. R factor: goodness of fit. Ѕ02 was set to 0.831 for Pt, according to the
experimental EXAFS fit of Pt foil by fixing CN as the known crystallographic value.

Table 5.2. EXAFS fitting parameters at the Co K-edge for various samples (Ѕ02=0.794).
Sample

Shell

Na

R(Å)b

σ2(Å2)c

ΔE0(eV)d

R factor

Co foil

Co-Co

12

2.76

0.0046

6.6

0.0014

Co-O

5.8

1.92

0.0029
-2.7

0.0003

-1.8

0.0002

LiCoO2

30%
Pt/LiCoO2
a

Co-Co

6.7

2.82

0.0034

Co-O

5.2

2.01

0.0032

Co-Co

2.5

2.81

0.0041

N: coordination numbers; bR: bond distance; cσ2: Debye-Waller factors; d ΔE0: the inner

potential correction. R factor: goodness of fit. Ѕ02 was set to 0.794 for Co, according to
the experimental EXAFS fit of Co foil by fixing CN as the known crystallographic value.
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Figure 5.14. WT plot for the k3-weight EXAFS signal for Co foil.

HER performance of Pt/LiCoO2. As shown in Figure 5.15, the geometric linear sweep
voltammetry (LSV) curves suggest that the HER activity is enhanced gradually with
increasing Pt loading, and it is superior to commercial Pt/C when the mass fraction of Pt
reaches 30% (Figure 5.16). Especially, the 30% Pt/LiCoO2 requires a small overpotential
of 138 mV at 50 mA cm-2, smaller than that of Pt/C (149 mV) (Fig. 5.15b). The Tafel
slope of 30% Pt/LiCoO2 (39.5 mV dec-1) is greatly decreased compared to those of other
samples (Figure 5.15c and Table 5.3), obviously indicating the superior HER kinetics of
30% Pt/LiCoO2 in an alkaline environment. Figure 5.15d shows the LSV curves
normalized by the Pt content, where 30% Pt/LiCoO2 shows the best mass activity.
Accordingly, 30% Pt/LiCoO2 exhibits the mass activity of 667 A g-1 at the overpotential
of 100 mV, 20 A g-1 larger than Pt/C, and the gap widens to 309 A g-1 when the
overpotential reaches 200 mV (Fig. 5.15e). To further evaluate the HER activity of
Pt/LiCoO2, the turnover frequency (TOF), which is a vital index to assess the intrinsic
activity, was calculated for each sample based on the Pt loading. As indicated in Fig. 5.15f,
30% Pt/LiCoO2 exhibits high TOFs of 2.25 s-1 at an overpotential of 200 mV, which is
much higher than that of Pt/C and 12.8 % Pt/C, suggesting the accelerated HER kinetics
of 30% Pt/LiCoO2. In addition, the chronoamperometry (CA) test results (Fig. 5.15g)
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suggest that the 30% Pt/LiCoO2 heterostructure exhibits better durability performance
with current retention of 88.9%, much higher than that of Pt/C (64.9%) after 4 h. This
decent durability could be ascribed to the unique structural design, where the LiCoO2
nanosheets could effectively inhibit the aggregation of Pt NPs due to the strong structural
and electronic interaction between Pt and LiCoO2. The excellent structural integrity of
the heterostructured catalyst is strongly supported by the TEM images acquired after the
CA test as shown in Figure 5.17 and 18. Clearly, the aggregation is less obvious for Pt
NPs confined on the LiCoO2 nanosheets in the Pt/LiCoO2 heterostructure when compared
to Pt/C after CA test. The electrochemical impedance spectroscopy (EIS) results (Figure
5.19) also verify the structural integrity of the Pt/LiCoO2 heterostructure. The charge
transfer resistance of Pt/C is increased more significantly than that of 30% Pt/LiCoO2
after the CA test, revealing the well maintained reaction kinetics in the heterostructure.
The exceptional HER catalytic activity and durability could be attributed to the unique
heterostructured architecture of Pt/LiCoO2. The defect-rich LiCoO2 is capable of offering
functional support for the deposition and confinement of Pt NPs, providing rich water
adsorption/dissociation sites, and modulating the electronic structure of Pt to reduce the
energy barrier for the HER reaction.

OER performance of Pt/LiCoO2. The polarization curves (Figure 5.20a) show that 30%
Pt/LiCoO2 delivers the best OER catalytic performance with the lowest overpotential and
onset potential. The onset potential (defined as the potential required for a current density
of 0.5 mA cm-2) of 30% Pt/LiCoO2 is about 1.36 V, substantially lower than those of
LiCoO2 (1.53 V), IrO2 (1.52 V), and Pt/C (1.57 V) (Figure 5.21), highlighting the critical
role of Pt in enhancing the catalytic activity of LiCoO2 in the heterostructures. And the
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Figure 5.15 HER electrocatalytic performances of 30% Pt/LiCoO2 heterostructures. (a)
The LSV curves of all the catalysts. (b) The overpotential for different catalysts at 10 and
50 mA cm-2. (c) The corresponding Tafel plots for various catalysts. (d) The Pt-mass
normalized LSV curves (e) Mass activity of different catalysts at an overpotential of 100
and 200 mV. (f) TOFs of different catalysts at an overpotential of 100 and 200 mV. (g)
Time-dependent current density retention curves for Pt/C and 30 % Pt/LiCoO2 at an
overpotential of 55 mV.
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Figure 5.16. HER polarization curve of 4.3% Pt/LiCoO2 in 1 M KOH solution.

Table 5.3. Detailed data on the HER performance of the LiCoO2, 12.8% Pt/LiCoO2,
30% Pt/LiCoO2, and Pt/C catalysts.
TOF at

Catalyst

Overpotential

Overpotential

at 10 mA cm-2

at 50 mA cm-2

(mV)

overpotential

Tafel slope

=200 mV

(mV dec-1)

(mV)
(s-1)

LiCoO2

362

12.8% Pt/LiCoO2

199

307

0.56

132.2

30% Pt/LiCoO2

61

138

2.24

58.1

Pt/C

55

149

1.97

39.5

93.6
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Figure 5.17. TEM images of 30% Pt/LiCoO2: (a) before the CA test, (b) after the CA test
in the HER. (c) Statistical analysis of the particle size of Pt NPs anchored on LiCoO2 after
CA test for HER.

Figure 5.18. TEM images of Pt/C: (a) before the CA test, (b) after the CA test in the HER.
(c) Statistical analysis of the particle size of Pt NPs anchored on graphitized carbon: (c)
before the CA test, (d) after the CA test for HER.
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Figure 5.19. Electrochemical impedance spectra (EIS) of the catalysts in the HER test. (a)
Electrochemical impedance spectra for LiCoO2, 12.8% Pt/LiCoO2, 30% Pt/LiCoO2, and
Pt/C. The inset plot is an enlargement of the high-frequency area of the EIS spectra. (b)
The EIS spectra of 30% Pt/LiCoO2 and Pt/C after the 4 h CA test. (c) The increase in the
charge transfer resistance after the CA test for 30% Pt/LiCoO2 and Pt/C.

the potential difference becomes more significant with increasing the current density
(Figure 5.20b and Figure 5.22). Meanwhile, the Tafel slope (Figure 5.20c and Table 5.4)
decreases from 55.6 mV dec-1 for LiCoO2 to 46.8 mV dec-1 for 30% Pt/LiCoO2,
demonstrating the accelerated charge transfer and mass diffusion in the Pt/LiCoO2
heterostructure. This is strongly supported by the much lower charge transfer resistance
of 30% Pt/LiCoO2 (5 Ω vs. 37 Ω for LiCoO2) (Figure 5.23). It should be noted that the Pt
NPs are catalytically inactive for OER, which is evidenced by the high overpotential of
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Pt/C and is well consistent with the previous report285. Furthermore, the TOF of 30%
Pt/LiCoO2 (0.343 s-1) is 23.6 times higher than that of LiCoO2 at an overpotential of 360
mV, indicating the substantially improved intrinsic activity. The considerably improved
intrinsic activity of Pt/LiCoO2 can be ascribed to the unique architecture of Pt/LiCoO2
heterostructures with the presence of coordinatively unsaturated Co active centers and the
abundant oxygen deficiencies196, 258. Moreover, The Cdl derived from the CVs (Figure
5.24) was employed to determine the ECSA for all the catalysts. The Cdl of 30%
Pt/LiCoO2 is 3.17 mF, much higher than those of LiCoO2 (1.42 mF) and Pt/C (0.41 mF)
(Figure 5.25), which demonstrates that the introduction of Pt NPs could substantially
increase the active site density of LiCoO2.
Overall water splitting. Encouraged by the superior HER and OER catalytic
performance, a water splitting cell with 30% Pt/LiCoO2 as the bipolar electrodes was
assembled, which is displayed in Figure 5.26. Impressively, only a low potential of 1.54
V is required to reach 10 mA cm-2 for the 30% Pt/LiCoO2||30% Pt/LiCoO2 cell, which is
much lower than that of a benchmark IrO2||Pt/C cell (1.60 V) (Figure 5.27).
Meanwhile, the 30% Pt/LiCoO2||30% Pt/LiCoO2 cell features superior durability in the
long-term overall water splitting process, which remains stable for 20 h at a current
density of 10 mA cm-2 with tremendous bubbles continuously generated and released, as
supported by the well-maintained morphology of the electrodes (Figure 5.28 and 29).
Even the current density reaches 50 mA cm-2, the 30% Pt/LiCoO2||30% Pt/LiCoO2 cell
exhibits not only a lower overpotential (430 mV) but also superior durability, with no
obvious sign of decay over 24-h operation (Figure 5.20e). In contrast, there is a fast
performance decay for the IrO2||Pt/C cell. These results clearly indicate that the Pt/LiCoO2
heterostructure is a highly efficient and durable multifunctional electrocatalyst towards
water splitting cells for hydrogen production.
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Figure 5.20. OER electrocatalytic performance of Pt/LiCoO2 heterostructures. (a) The
OER geometric LSV curves of all the catalysts. (b) The corresponding overpotentials at
a current density of 10 mA cm-2. (c) Tafel plots. (d) TOF calculated at an overpotential of
360 mV. (e) Chronopotentiometry measurements of the 30% Pt/LiCoO2||30% Pt/LiCoO2
and IrO2||Pt/C full cells at 10 mA cm-2 for 20 h. Inset is an optical image of the assembled
overall water splitting device and its performance.
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Figure 5.21. Onset potential of all the catalysts for the OER.

Figure 5.22. Overpotential of LiCoO2, 12.8% Pt/LiCoO2, and 30% Pt/LiCoO2 derived
from geometric LSV curves at 50 mA cm-2 in the OER.
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Table 5.4. Detailed data from the OER performances of the LiCoO2, 12.8% Pt/LiCoO2,
30% Pt/LiCoO2, IrO2, and Pt/C catalysts.
TOF at
Overpotential

Overpotential

at 10 mA cm-2

at 50 mA cm-2

(mV)

(mV)

Tafel
overpotential

Catalyst

Cdl
slope

=360 mV

(mF)
(mV dec-1)

(s-1)
LiCoO2

365

416

0.014

55.6

1.42

12.8% Pt/LiCoO2 312

358

0.11

53.3

2.88

30% Pt/LiCoO2

285

325

0.34

46.8

3.17

IrO2

376

0.019

91.6

Pt/C

570

215.5

0.41

Figure 5.23. Electrochemical impedance spectra of LiCoO2, 12.8% Pt/LiCoO2, 30%
Pt/LiCoO2, and IrO2 for the OER. The inset plot is an enlargement of the high-frequency
area of the EIS spectra.
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Figure 5.24. CV curves measured in a non-Faradaic region at scan rates from 40 to 200
mV s-1 in 1M KOH for the OER. (a) LiCoO2. (b) 12.8% Pt/LiCoO2. (c) 30% Pt/LiCoO2.
(d) Pt/C.

Figure 5.25. Cdl plots of LiCoO2, 12.8% Pt/LiCoO2, 30% Pt/LiCoO2, and Pt/C for the
OER.
110

Chapter 5 Multifunctional Platinum/Lithium Cobalt Oxide heterostructures towards
Superior overall Water Splitting for Hydrogen Production

Figure 5.26. The optical images of the assembled overall water splitting device.

5.4 Conclusion
DFT calculations were conducted to gain a more comprehensive understanding of the
improvement of OER activity of Pt/LiCoO2. The structure models of LiCoO2 and
Pt/LiCoO2 are presented in Figure 5.30. Based on the aforementioned discussion, the
presence of Pt NPs is of critical significance for the formation of the unique and highly
active interface in the Pt/LiCoO2 heterostructures. Pt can serve as an electron source,
yielding charge transfer from Pt to LiCoO2, and promotes the reduction of Co3+ in LiCoO2.
The charge transfer across the heterostructure interface is verified by first-principles
theoretical calculations, where the differential charge densities of Pt/LiCoO2 indicates that
the electrons are transferred from Pt to LiCoO2, which is consistent with the XANES and
EXAFS analysis results (Fig. 5a). This is also further confirmed by the Bader charge of
Pt at the interface with 0.4 e transfer to the LiCoO2, demonstrating the occurrence of
charge redistribution between Pt and LiCoO2. Moreover, Pt could also facilitate the
formation of oxygen vacancies and under-coordinated Co centers, as illustrated in Fig. 5d,
both of which are beneficial for accelerating the electrochemical reaction kinetics
discussed in this work. Here, we propose that the unique heterostructured architecture of
Pt/LiCoO2 and its interfacial synergetic coupling interaction are the main reasons
responsible for the enhanced HER and OER activity.
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Figure 5.27. LSV curves of 30% Pt/LiCoO2||30% Pt/LiCoO2 and IrO2||Pt/C in 1M KOH
for the water splitting device. (Both were loaded onto Ti foam at a loading of 1mg cm-2.)

Figure 5.28. Chronopotentiometry measurements of the 30% Pt/LiCoO2||30% Pt/LiCoO2
and IrO2||Pt/C full cells at 10 mA cm-2.

For HER, Pt is the active center and LiCoO2 is the co-catalyst. In this catalyst
system, oxygen-deficient LiCoO2 could substantially facilitate the H2O dissociation into
Had and OH- via the Volmer step232. Additionally, the strong electronic interaction
between Pt and LiCoO2 could optimizes Pt-Had affinity and accelerate the following Tafel
and/or Heyrovsky step, eventually generating H2. Moreover, LiCoO2 nanosheets offer a
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superior platform to inhibit the aggregation of Pt NPs and to ensure maximal exposure of
active sites.
For OER, LiCoO2 becomes the active center, and Pt turns into the promoter for
LiCoO2 in the OER catalytic system. As discussed previously, Pt can promote the
reduction of Co ions and facilitate the formation of oxygen deficiencies as well as undercoordinated Co centers. The oxygen vacancies could accelerate the electron transport
between LiCoO2 and reaction intermediates, and optimize adsorption kinetics, ultimately
accelerating the rate-determining step to generate O2 188. As indicated in Fig. 5b, the Gibbs
energy of the four elementary steps, i.e., Δ𝐺10 = 1.16 eV, Δ𝐺20 = 1.48 eV, Δ𝐺30 = 0.90 eV,
Δ𝐺40 = 1.38 eV, were achieved for Pt/LiCoO2. The rate-determining step of Pt/LiCoO2 is
OHO* with an overpotential of 0.25 V, which is much lower than that of LiCoO2.
Projected density of state (PDOS) calculation shows that the electrons from Pt will
transfer into the empty 𝑒𝑔 orbital of Co, which results in a downshift of 𝑡2𝑔 orbital and an
upshift of 𝑒𝑔 orbital compared to that in LiCoO2, as shown in Fig. 5c. The strength of
OH* and OOH* binding to the catalyst surface becomes weaker due to the larger orbital
energy splitting between the Co-3d and OH*/OOH*, thereby enhancing OER kinetics and
intrinsic activity of LiCoO2. Moreover, under-coordinated Co species could provide much
more open sites for adsorption, maximizing the density of active sites61. In addition, Pt is
an excellent conductor, which could facilitate electron transfer at the interface of
Pt/LiCoO2 heterostructures, and this also accounts for the OER activity enhancement.

In summary, we have designed and synthesized a novel platinum/lithium cobalt oxide
heterostructure as the active-center-transferable catalyst system towards superior overall
water splitting. The exceptional overall water splitting performance can be ascribed to the
unique heterostructured architecture with well-defined interfaces, where an appropriate
113

Chapter 5 Multifunctional Platinum/Lithium Cobalt Oxide heterostructures towards
Superior overall Water Splitting for Hydrogen Production

Figure 5.29. TEM images of 30% Pt/LiCoO2 after overall water splitting for 20 h. (a)
HER. (b) OER.

Figure 5.30. (a) Structural illustration of Pt/LiCoO2 heterostructure and the atomic
number is labeled. (b) The corresponding number of charge transfer for each atom in
Pt/LiCoO2.

synergetic balance can be achieved among electronic interaction, defect engineering, and
coordination geometry between LiCoO2 nanosheets and Pt nanoparticles. This study
features the possibility of feasibly transferable and tuned active centers in multicomponent heterostructured catalyst systems. Therefore, the present work not only
provides new insights into heterostructured electrocatalysts towards overall water
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splitting, but also offers a novel design strategy for the development of multifunctional
electrocatalysts for energy-related applications.

Figure 5.31. (a). Differential charge density of Pt/LiCoO2. Iso-surface value is 0.0064 eÅ3

. Yellow and blue contours denote electron accumulation and depletion, respectively. (b).

Calculated free-energy diagram of OER on the surface of LiCoO2 and Pt/LiCoO2 at U=0
(vs. RHE). (c). Projected density of state (PDOS) on the 3d orbitals of Co atoms in the
LiCoO2 and Pt/LiCoO2. (d). Schematic illustration of the proposed HER and OER
pathways on Pt/LiCoO2 heterostructured electrocatalysts.
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Chapter 6
Conclusions and perspective
6.1 Conclusions
Electrocatalysis plays a vital role in green and renewable energy conversion and
storage, which is a promising technique to address the energy crisis. Catalysts, as one of
the most important parts in catalysis systems, largely determine the energy transfer
efficiency and the cost. Therefore, developing an efficient electrocatalyst with low cost,
high activity, and stability is of great significance. This doctoral thesis work, based on the
aforementioned aim, introduce rational design approaches to enhance the catalytic
activity of lithium cobalt oxides.
In the first case, a coupled heteroatom doping approach with 2D engineering was
deployed to regulate the electronic structure to accelerate the oxygen water
electrocatalysis of LiCoO2. Herein, we adopted LiCoO2 as a model material and designed
a new LiCoO2-based electrocatalyst with nanosheet morphology developed by a
combination of Mg doping and shear-force-assisted exfoliation strategies. The modified
LiCoO2 exhibited enhanced oxygen reduction and evolution reaction kinetics. It is
demonstrated that the coupling effect of Mg doping and the exfoliation can effectively
modulate the electronic structure of LiCoO2, in which Co3+ can be partially oxidized to
Co4+ and the Co-O covalency can be enhanced, which is closely associated with the
improvement of intrinsic activity. Meanwhile, the unique nanosheet morphology also
helps to expose more active Co species. This work offers new insights into deploying the
electronic structure engineering strategy for the development of efficient and durable
catalysts for energy applications.
In the second case, heterostructure engineering strategy was applied to tailor the
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interface electronic structure of catalyst. To achieve this aim, a novel multifunctional
heterostructured electrocatalyst, platinum/lithium cobalt oxide (Pt/LiCoO 2) composite
with Pt nanoparticles (Pt NPs) well-anchored on ultrathin LiCoO2 nanosheets, is designed
towards highly efficient overall water splitting. In this electrocatalyst system, the active
center can be alternatively switched between Pt and LiCoO2 for hydrogen evolution
reaction (HER) and oxygen evolution reaction (OER), respectively. Specifically, Pt is the
active center and LiCoO2 acts as the co-catalyst for HER, whereas the active center
transfers to LiCoO2 and Pt turns into the co-catalyst for OER. The unique architecture of
Pt/LiCoO2 heterostructure not only ensures the maximal exposure of active sites, but also
endows it with a favorable electronic structure and coordination environment to optimize
the adsorption/desorption behavior of reaction intermediates. This study will diversify the
design strategies for the development of efficient electrocatalysts via interface
engineering towards water electrolysis and other relevant electrocatalysis applications.

6.2 Perspective
The strategy of modulating the electronic properties of electrocatalysts has been a
critical way to precisely tune the electrocatalytic performance. To date, various regulation
approaches, such as defects, strain engineering, phase transformation, and heterostructure
engineering, have been developed to modulate the electronic structure, and these
strategies play in vital in the enhancement of electrocatalytic performance of catalysts.
Nevertheless, some key issues remain elusive.
Firstly, although we have designed a series of strategies, e.g. defect engineering and
heterostructure engineering, to tailor the electronic state of catalyst and enhance the
catalytic activity, the evolution of these defects during catalytic operation is still
ambiguous. Could those defects disappear (maintain) upon the catalytic process? If they
could maintain (disappear), why and how this happens? These questions are not
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mentioned in most of the literature, but they are of great significance for a deep
understanding of the underlying catalytic mechanisms. Advanced in situ characterization
techniques, such as in situ XAS, STM, Raman, might provide a solution to address these
dilemmas. With these operando-observed characterization techniques, we could
accurately trace the dynamic evolution of defect, strain, and interface evolution, and thus
establish the relationship between the dynamic electronic behavior and the catalytic
mechanism during catalytic operation.
Secondly, although DFT calculations provide vital insights into understanding the
catalytic mechanisms, adsorption energy, and electronic property, these results largely
depend on the calculated model, which usually has a big gap between the real catalytic
environments. This might lead to the misunderstanding about the catalytic behavior. Thus,
a more advanced theoretical calculation system should be established, which could
approach the real electrocatalytic environments as possible.
Thirdly, some activity descriptors such as eg filling and d-band theory have been
well established, however, they can not be universal guidance for electrocatalysts.
Therefore, a more advanced activity descriptor should be developed to guide the
experimental design.
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